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ABSTRACT
The r e d u n d a n t  work i n  s t r i p  d raw ing  has  ‘been i n v e s t i g a t e d  
by  the  e q u i v a l e n t  s t r a i n  t e c h n i q u e .  A new p r o c e d u r e  h a s  been  
d e v e lo p e d  which i s  c a p a b le  o f  c o n s i s t e n t l y  r e p r o d u c i n g  
m easu rem en ts  o f  t h e  r e d u n d a n t - w o r k  f a c t o r  t o  w i t h i n  i
The a s s u m p t io n s  o f  p l a n e - s t r a i n  c o n d i t i o n s  and ,fi d e a l ” 
m a t e r i a l  b e h a v i o u r  have been  c o n s i d e r e d  and th e  l i m i t a t i o n s  
t h e s e  a s s u m p t io n s  impose on p r e d i c t i o n s  o f  t h e  r e d u n d a n t - w o r k  
f a c t o r  have been  a s s e s s e d .
L arge  d i f f e r e n c e s  i n  th e  m agni tude  o f  t h e  r e d u n d a n t - w o r k  
f a c t o r  have been  fo un d  be tw een  t h e  m a t e r i a l s  used  i n  t h i s  
i n v e s t i g a t i o n ,  t h a t -  c o u ld  no t  bo e ;xp la ined  in  t e r m s  o f  
v a r i a t i o n  in  s t r e n g t h  or  w o rk -h a rd e n in g  r a t e .  A s t r o n g  
p o s i t i v e  c o r r e l a t i o n  has  b een  found  however ,  be tw een  the  
r e d u n d a n t - w o r k  f a c t o r  and the  m agni tude  o f  t h e  r e l a t i v e  
r a t e  o f  change of w o r k - h a r d e n in g  r a t e  w i t h  s t r a i n .
A CK3T QWLED GBMDNT S
The a u t h o r  w ish e s  to  e x p r e s s  h i s  s i n c e r e  t h a n k s  t o  
Dr* P. C o t t e r i l l  f o r  h i s  c o n s t a n t  i n t e r e s t  i n  t h e  work,  
and  a l s o  f o r  th e  many h e l p f u l  s u g g e s t i o n s  and d i s c u s s i o n s .
My t h a n k s  a l s o  go t o  the  Head o f  th e  D epar tm en t  o f  
M e t a l l u r g y  and M a t e r i a l s  -jgfearaB, U n i v e r s i t y  o f  S u r r e y ,  
( f o r m e r l y  the  B a t t e r s e a  C o l l e g e  o f  T e c h n o lo g y ) ,  where 
t h i s  work 'was c a r r i e d  o u t .
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VI n  s e c t i o n  3>6 • •• a,  b> c ,  d ,  E,  f* g 9 al:}(3 3 have the
meanings  a s s i g n e d  to  them in  t h a t  s e c t i o n .
In  s e c t i o n  3*8 o. . .  S3 ^  a n  d
have the m ean ings  a s s i g n e d  to  them in  t h a t  s e c t i o n .
A b a r  , above any p a r a m e t e r  i n d i c a t e s  a moan v a l u e  of
t h a t  p a r a m e t e r .
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^  . . . .  non w o r k - h a r d e n in g  i n a t e f i a l  (2*2*1)
*• a x i a l  and r a d i a l  d i r e c t i o n s  ( 2 . 2 . 2 ) .
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1* I n t r o d u c t i o n
I n  w ire  and s t r i p  d raw in g  t h e  d e f o r m a t i o n  i s  h e t e r o ­
geneous  and more work,  known a s  r e d u n d a n t  work, has t o  be 
p e r fo rm e d  to  o b t a i n  a  g iv e n  r e d u c t i o n  th a n  i s  n e c e s s a r y  f o r  
homogeneous d e fo r m a t io n  such  a s  i n  th e  t e n s i l e  t e s t *  E a r l y  
t h e o r i e s  o f  wire  d raw in g  n e g l e c t e d  r e d u n d a n t  work and t h u s  
u n d e r e s t i m a t e d  t h e  d raw in g  l o a d  and t h e  e x t e n t  t o  which t h e  
s t o c k  i s  w ork -h a rd en ed .  These t h e o r i e s  d i f f e r  m a in ly  i n  t h e  
way in  which a l lo w a n ce  i s  made f o r  th e  f r i c t i o n  b e tw een  w i re  
and d i e .  K orbe r  and E i c h i n g e r  a t t e m p t e d  a t h e o r e t i c a l  
a s s e s s m e n t  o f  r e d u n d a n t  work b a s e d  on a s s u m p t io n s  which  were 
known t o  be no t  s t r i c t l y  t r u e  and t h e i r  e x p r e s s i o n  has  b e e n  
used  by a number o f  w o rk e r s  t o  c o r r e c t  th e  d i f f e r e n t  w i r e ­
d raw ing  t h e o r i e s .  The c o e f f i c i e n t  o f  f r i c t i o n  i n  w i re  
d raw ing  i s  e x t r e m e ly  d i f f i c u l t  to  d e te r m in e  and i n  most  i n ­
v e s t i g a t i o n s  has  be en  t r e a t e d  a s  an a d j u s t a b l e  p a ra m e te r*  
E x p e r i m e n t a l  i n v e s t i g a t i o n  has  been f u r t h e r  c o m p l i c a t e d  by 
the  f a c t  t h a t  d i f f e r e n t  d i e  sh a p e s  -  c o n i c a l ,  r a d i u s e d  or  
t rum pe t  shaped  -  have been  u sed  and  b e c a u s e  u n t i l  r e c e n t l y  
the  a c t u a l  p r o f i l e  o f  th e  d i e  has  been d i f f i c u l t  to  d e t e r m i n e  
a c c u r a t e l y .  I n  a d d i t i o n  t h e  e f f e c t  o f  th e  p a r a l l e l  p o r t i o n  
o f  th e  d i e ,  when p r e s e n t ,  h a s  been  a m a t t e r  f o r  c o n j e c t u r e .
I n  s t r i p  d raw in g ,  p r o v i d i n g  the  s t r i p  w id th  i s  l a r g e  
^ g r e a t e r  by  a f a c t o r  o f  a t  l e a s t  5)  compared w i t h  i t s  
i n i t i a l  t h i c k n e s s  and w i th  t h e  l e n g t h  o f  the  c o n t a c t - z o n e
"between s t r i p  and d i e ,  then  the  r i g i d  n o n -d e fo rm in g  
m a t e r i a l  p r e v e n t s  l a t e r a l  e x p a n s io n  o f  th e  s t r i p ,  e x c e p t  
n e a r  t o  th e  e d g e s ,  and th e  c o n d i t i o n s  a p p ro x im a te  to  p l a n e -  
s t r a i n .  F o r  t h i s  c o n d i t i o n  an d  f o r  an i d e a l i s e d  r ig id -*  
p l a s t i c  m a t e r i a l  the  m a t h e m a t i c a l  t h e o r y  o f  p l a s t i c i t y  can  
p r o v i d e  s t r i c t l y  a c c u r a t e  s l i p - l i n e  f i e l d  s o l u t i o n s  which  
a l l o w  f o r  "both r e d u n d a n t  work and f r i c t i o n .  Thus f o r  t h e s e  
c o n d i t i o n s  th e  m agni tude  o f  th e  r e d u n d a n t  work and i t s  
dependence  on the  geom etry  o f  the  de fo rm in g  r e g i o n  can "be 
t h e o r e t i c a l l y  p r e d i c t e d .  A method o f  a l l o w i n g  f o r  t h e  
w o r k - h a r d e n in g  t h a t  acco m p an ie s  d e f o r m a t i o n  i n  th e  u s u a l  
e n g i n e e r i n g  m e t a l s  has a l s o  "been s u g g e s t e d .  No e x p e r i m e n t a l  
i n v e s t i g a t i o n  has  "been r e c o r d e d  on th e  m ag n i tu d e  and 
b e h a v i o u r  o f  r e d u n d a n t  work i n  s t r i p  d raw ing .
A number o f  i n v e s t i g a t i o n s  o f  th e  r e d u n d a n t  work i n  
wire  and r o d  d raw ing  have b e e n  r e p o r t e d ,  b u t  f o r  t h e s e  non 
p l a n e - s t r a i n  c o n d i t i o n s  s l i p - l i n e  f i e l d  t h e o r y  i s  n o t  
a p p l i c a b l e  and  no s t r i c t l y  a c c u r a t e  t h e o r y . t h a t  t a k e s  
acco u n t  o f  b o t h  f r i c t i o n  and  r e d u n d a n t  work e x i s t s  even  f o r  
an i d e a l  non w o rk - h a r d e n in g  m a t e r i a l .  Two t e c h n i q u e s  have 
b een  u sed  i n  t h e s e  i n v e s t i g a t i o n s .  The f i r s t ,  th e  
" e q u i v a l e n t - s t r a i n  t e c h n i q u e ” , which i n v o l v e s  a  c o m p ar iso n  
o f  the  m e c h a n ic a l  p r o p e r t i e s  o f  th e  m a t e r i a l  b e f o r e  an d  
a f t e r  d ra w in g ,  has  been u sed  t o  a l i m i t e d  e x t e n t  b y  two 
i n v e s t i g a t o r s .  A l l  o t h e r  i n v e s t i g a t i o n s  have been  c a r r i e d
ou t  w i th  the  second  t e c h n i q u e ,  which w i l l  "be c a l l e d  th e  
” e q u i v a l e n t - s t r e s s  t e c h n i q u e ” . I n  t h i s  a p p r o a c h  t h e  red u n d ­
a n t  work: i s  t a k e n  a s  the  e x t r a  work r e q u i r e d  t o  p ro du ce  t h e  
d i f f e r e n c e  'between the  e x p e r i m e n t a l l y  d e t e r m i n e d  d raw in g  
s t r e s s  and th e  d raw ing  s t r e s s  p r e d i c t e d  b y  some t h e o r y  o f  
th e  p r o c e s s  t h a t  n e g l e c t s  r ed u n d a n t  work. The r e d u n d a n t  
work t h u s  becomes an a d j u s t a b l e  p a r a m e t e r  to  make t h e o r y  f i t  
e x p e r i m e n t a l  r e s u l t s .  T h i s  t e c h n iq u e  i s  o n ly  v a l i d  i f  t h e  
t h e o r e t i c a l  p r e d i c t i o n  i s  r e a s o n a b l y  a c c u r a t e  s i n c e  any e r r o r  
i n  i t  i s  a u t o m a t i c a l l y  i n c l u d e d  i n  the  r e d u n d a n t - w o r k  
p r e d i c t i o n .  Moreover ,  s i n c e  the  r e d u n d a n t  work i s  u s u a l l y  
a  s m a l l  p r o p o r t i o n  o f  th e  t o t a l  work o f  d e f o r m a t i o n ,  t h i s  
t e c h n i q u e  e s i m a t e s  r e d u n d a n t  work f rom  t h e  d i f f e r e n c e  b e tw e e n  
two s i m i l a r  q u a n t i t i e s ,  and  even  s m a l l  e r r o r s  i n  e i t h e r  
become l a r g e  e r r o r s  i n  t h e  r e s u l t i n g  r e d u n d a n t - w o r k  e s t i m a t e .  
Such e r r o r s  a r e  i n t r o d u c e d  by  th e  a s s u m p t io n s  i n v o l v e d  in  
th e  p a r t i c u l a r  w i r e - d r a w i n g  th e o r y  f a v o u r e d  by  th e  i n v e s t i ­
g a t o r ,  f o r  example  th o s e  c o n c e r n i n g  the  m ag n i tud e  o f  th e  
c o e f f i c i e n t  o f  f r i c t i o n ,  t h e  e f f e c t  o f  f r i c t i o n  on t h e  d i e  
p r e s s u r e  and the  e f f e c t  o f  w o rk -h a rd e n in g .
Some a t t e m p t s  have b e en  made to  a p p l y  t o  t h e  a x i a l l y -  
symmetr ic  d raw in g  o f  r e a l  m e t a l s  th e  ty p e  o f  c o r r e c t i o n  f o r  
r e d u n d a n t  work p r e d i c t e d  b y  s l i p - l i n e  f i e l d  t h e o r y  f o r  i d e a l  
m a t e r i a l s  u n d e r  p l a n e - s t r a i n  c o n d i t i o n s .  T hese  a t t e m p t s  
have met w i t h  c o n f l i c t i n g  r e s u l t s  and i t  i s  no t  known w h e th e r  
t h i s  i s  due to  the  t r a n s p o s i t i o n  t o  r e a l  m e t a l s  o r  to  a x i a l -
symmetry c o n d i t i o n s  o r  t o  b o t h  o f  t h e s e .  T h i s  i n v e s t i g a t i o n  
was i n i t i a t e d  to  d e te rm in e  t h e  dependence  o f  r e d u n d a n t  work 
i n  d raw ing  u n d e r  p l a n e - s t r a i n  c o n d i t i o n s  on th e  g e o m e try  o f  
th e  d e fo rm in g  r e g i o n  and the  p r o p e r t i e s  o f  th e  drawn m e t a l  
i n  an a t t e m p t  t o  p r o v i d e  i n f o r m a t i o n  which m igh t  e n a b l e  t h i s  
q u e s t i o n  to  b e  c o n s i d e r e d  more m e a n in g f u l l y .
52. L i t e r a t u r e  S urvey  
2. l .  I n t r o d u c t i o n
A l l  p r e v i o u s  e x p e r i m e n t a l  i n v e s t i g a t i o n s  o f  
r e d u n d a n t  work i n  d raw in g  have been  c o n f i n e d  to t h e  a x i a l -  
symmetry c o n d i t i o n s  o f  ro d  and  w ire  d raw ing ,  and th e s e  a r e  
r e v ie w e d  i n i t i a l l y *  f o l l o w e d  by t h e o r e t i c a l  i n v e s t i g a t i o n s  
o f  r e d u n d a n t  work i n  d raw ing ,  most  o f  which have been  
c a r r i e d  ou t  f o r  t h e  p l a n e - s t r a i n  c o n d i t i o n s  o f  s t r i p  d raw in g .  
F i n a l l y ,  i n v e s t i g a t i o n s  o f  r e d u n d a n t  work i n  r e l a t e d  m e t a l ­
w ork ing  p r o c e s s e s  a r e  c o n s i d e r e d .
2 .2 .  Drawing  t h e o r i e s  n e g l e c t i n g  r e d unda n t  work.
2 * 2 .1 .  Homogeneous d e f o r m a t i o n  t h e o r y .
The most e f f i c i e n t  o r  i d e a l  way o f  r e d u c i n g
t h e  d i a m e t e r  o f  a w ire  would "be by s t r e t c h i n g  a s  i n  thq 
gauge l e n g t h  o f  a t e n s i l e - t e s t  spec im en.  Any e le m e n t  p f  th e
a f t e r  d e f o r m a t i o n  and the  whole specimen i s  f r e e  t o  deform  
w i t h o u t  r e s t r a i n t  by  any e x t e r n a l  f o r c e ,  e x c e p t  f o r  th e  
g r i p p e d  ends  which a r e  s u f f i c i e n t l y  remote  f rom the  gauge 
l e n g t h  t o  be i g n o r e d .  I t  i s  a x i o m a t i c  t h a t  t h i s  homogeneous 
d e f o r m a t i o n  r e q u i r e s  l e s s  work and c o n s e q u e n t ly  lo w er  lo a d  
t h a n  any o t h e r  type  o f  d e f o r m a t i o n .  Thus,  i f  homogeneous 
d e f o r m a t i o n  i s  assumed in  the w i r e - d r a w i n g  p r o c e s s ,  th e  
p r e d i c t e d  work and d raw ing  lo a d  w i l l  be lo w er-b ou n d  e s t i m a t e  
o f  t h e s e  q u a n t i t i e s .
The p l a s t i c  work done p e r  u n i t  volume i n  
homogeneously  s t r e t c h i n g  a w ire  i s
where i s  th e  t r u e  s t r a i n  c o r r e s p o n d i n g  to  e x t e n s i o n  f ro m  
th e  o r i g i n a l  l e n g t h ,  \± , t o  th e  f i n a l  l e n g t h ,  12. • S i n c e ,  
i n  d ra w in g ,  t h i s  work i s  s u p p l i e d  by th e  d ra w in g  f o r c e ,  P  , 
moving t h e  l e n g t h  o f  the  drawn w i r e ,  [z ,
m e t a l  which was o r i g i n a l l y  c u b ic  becomes a p a r a l l e l e p i p e d
( 1  )
and t h u s  i f  c o n s t a n t  volume i s  assumed so t h a t
~ A2 I2 -  V
where A i s  t h e  c r o s s - s e c t i o n  a r e a .
t h e n  the  d raw in g  s t r e s s  i s
t j  =  £- = f * Y d £  ( 2 )A i  v o
I f  work hardening i s  neglected, so that Y i s  
constant,  equation ( 2 ) can "be integrated d ir e c t ly  to give
.C  =  Y £ »  ( 2a )
E q u a t i o n s  (2 )  a r e  low er-bound  e s t i m a t e s  o f  
t h e  d raw ing  s t r e s s ,  t ,  which i s  g r e a t e r  than  t*  b e c a u s e  o f  
th e  f r i c t i o n a l  r e s i s t a n c e  be tw een  t h e  w i re  and the  d i e ,  and  
b e c a u s e  th e  d e f o r m a t i o n  i n  w ire  d raw ing  i s  h e te r o g e n e o u s  
w i th  t h e  w ire  b e in g  s u b j e c t e d  to  i n t e r n a l  d i s t o r t i o n  which 
r e q u i r e s  e x t r a  work, known a s  r e d u n d a n t  work,  to  be  
p e r fo rm e d .
( D ( 2 )
The e a r l y  w i r e - d r a w in g  t h e o r i e s  o f  S a c h s
(8 )
and S i e b e l ,  a l t h o u g h  th e y  p o s t u l a t e  no d e f o r m a t i o n  mode, 
have homogeneous d e f o r m a t i o n  i m p l i e d  i n  t h e  a s s u m p t io n s  t h e y  
i n v o l v e .  These t h e o r i e s  d i f f e r  o n ly  i n  the  way i n  which 
f r i c t i o n  i s  a l lo w e d  f o r .  In  t h e  a b s e n c e  o f  f r i c t i o n  t h e y  
a r e  i d e n t i c a l ,  and g i v e  t h e  same r e s u l t s ,  e q u a t i o n s  ( 2 ) ,  a s  
th e  homogeneous d e f o r m a t i o n  theory*  I n  a d d i t i o n  t h e s e  
t h e o r i e s  l e a d  to  e x p r e s s i o n s  f o r  th e  d i s t r i b u t i o n  o f  p r e s s u r e ,
82 * 2 .2 .  Sacha1 t h e o r y
C o n s id e r  the  s t r e s s e s  a c t i n g  on a t h i n  
f r u s t u m  o f  m a t e r i a l  a t  a d i s t a n c e  sc f rom  th e  v i r t u a l  a p ex  o f  
a d i e  o f  u n s p e c i f i e d  p r o f i l e  a s  shown.
<3^.i s  the  mean, t a k e n  over  the  s e c t i o n ,  o f  th e  norm al  
component o f  s t r e s s  a c t i n g  p a r a l l e l  to  t h e  a x i s  o f  d ra w in g ,  
and s l i d i n g  f r i c t i o n  i s  assumed. F o r  e q u i l i b r i u m  o f  f o r c e s  
i n  the  a x i a l  d i r e c t i o n :
(ffic+Sac)^(D4D)2-Ok^:-DI+c(r^ |gjrDsin0+(JCitg^gwDcos0 = 0
Since &D= 2 Soctan 0 and ignoring the products of i n f i n i ­
tesimals .
°r ft I
7
d D  = 0
F o r  r a d i a l  e q u i l i b r i u m ,  OV = - C^(1 -  u t a n 0 )
( 3 )
?/hen 0  i s  small jjtan 0  w i l l  "be small compared to  unity  and 
thus (yr ~  -C|  ^ • -A cy l in d r ic a l  s ta te  of s tr e ss  e x i s t s  and "both
y i e l d  c r i t e r i a  give Ox+C|  ^ = Y ' ( 4 )
Eliminating "between equations ( 3 ) and (4) and putting
f j c o t 0 = B  g i v e s  D d o x  + 2[o*.+(Y-o»Xl*B)] dD = 0
dD _ d l  _ d o *
D " 2 2[Y(1 + B)-BosJ
- ^ • ♦ B 0 5 c  = Y(1 - B)  ( 5 )
This i s  the "basic d i f f e r e n t i a l  equation obtained "by Sachs 
( 1 ) ( 2 )
and others,  .
For f r i c t i o n l e s s  drawing B = 0 thus ( 5)
"becomes d o *  = Ydd
: . 0 k =  f£ Y d£ ( 6 )
i
and from ( A )  C^ = Y — ( 7 )
from (6) the drawing s tr e s s ,  which i s  the value of 0 *, when
£ = £ » ,  is  t *  = f ^ Y d i  ( 2 )J o
which, i f  Y i s  constant,  may "be integrated to give
t* = Y d 4  ( 2 a )
This i s  the same re su lt  as that obtained from the homogeneous 
deformation theory although no deformation mode was postu lated .  
This i s  because in applying the y ie ld  cr i ter io n  we have 
assumed that the pr inc ipa l  s t r e s s e s  act everywhere in  the
a x ia l  and rad ia l  d ire c t io n s ,  and. for an i s o tr o p ic  m ateria l  in
which the p r in c ip a l - s t r e s s  and p r in c ip a l - s tra in  d ir e c t io n s  
coincide th is  n e c e s s i ta te s  the deformation being homogeneous.
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When |j i s  no t  z e r o  e q u a t i o n  ( 5 ) can  toe 
i n t e g r a t e d  d i r e c t l y  i f  B and Y a r e  c o n s t a n t .  Thus f o r  a 
c o n i c a l  d i e  and a c o n s t a n t  v a l u e  o f  |j  a c r o s s  t h e  d i e - w i r e
i n t e r f a c e  and f o r  a  non w o r k - h a r d e n in g  m a t e r i a l :
( 8 )
q, = Y - i -  [(1 .♦ B ) qT B I  - 1] ( 9 )
and th e  d raw ing  s t r e s s  a l l o w i n g  f o r  f r i c t i o n  i s
tHN = Y -1# -  [ l - e ~ Bf*] , (10)
D (3)
T h i s  a n a l y s i s  has  toeen e x te n d e d  toy Yang t o  i n c l u d e  th e
e f f e c t  o f  th e  p a r a l l e l  p o r t i o n  o f  th e  d i e .
\
2*2.3# S i e b e l f s t h e o r y
A s i m p l e r  method i s  used  to  a l l o w  f o r  f r i c t i o n
a s  f o l l o w s i
C o n s id e r  th e  s k e t c h ,  which assum es  s l i d i n g  f r i c t i o n *
F o r  e q u i l i b r i u m  o f  a x i a l  f o r c e s  t  Aa = M c j s i n  cX + M JJC|COS cA
where M i s  t h e  a r e a  o f  c o n t a c t  ‘be tween w ire  and  d i e ,  a n d
i s  th e  mean d i e  p r e s s u r e .  When jj = 0  ? t*A2 = Mcfsinc?<.
Combining th e s e  g i v e s  - L  -  (1 + u c o to < )........
t r  _ q /*
Now, assum ing  t h a t  th e  mean d i e  p r e s s u r e  q  i s  n o t  a p p r e c i a b l y
i n f l u e n c e d  by f r i c t i o n ,  i . e . ,  ^  ^  » t h en
t
t
w ^  1 + JU COt<^ ( n )
and we have a c o r r e c t i o n  f o r  th e  f r i c t i o n l e s s  d raw in g  s t r e s s .  
Thus,  a ssum ing  homogeneous d e f o r m a t i o n ,  S i e b e l ’ s t h e o r y  g i v e s
t H ^ ( W H C O t o O j ^ Y d t  ( 1 2 )
which f o r  a non h a r d e n i n g  m a t e r i a l  becomes
t HN = Y£ (1 + [ jc o to < )  ( 1 3 )
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2a 3» Redundant  work: in  w i re  and  r o d  drawing
(5 )
2.3*1* Worlc o f  Kortoer and E i c h i n g e r .j-yy
M acL c l lan  in  19^8 r e v ie w e d  w i re  d raw in g
t h e o r y  p r i o r  t o  19U7* He r e p o r t e d  t h a t  th e  f i r s t  a t t e m p t  t o
a l l o w  f o r  r e d u n d a n t  work in  t h e o r e t i c a l  p r e d i c t i o n s  o f
( 5 )
draw ing  f o r c e  was toy Kortoer and E i c h i n g e r  i n  19^0 u s i n g
th e  f o l l o w i n g  a rgum en t .  I t  had ’been shown toy A l k i n s  and
C a r t w r i g h t  in  1931 t h a t  th e  d e f o r m a t i o n  zone i n  wire  
d raw ing  i s  toounded a t  e n t r y  and e x i t  toy s p h e r i c a l  s u r f a c e s
c e n t r e d  on the  v i r t u a l  a p ex  o f  t h e  d i e  and  c u t t i n g  the  d i e
a t  t h e  e n t r y  and e x i t  p l a n e s ,  and t h a t  w i t h i n  t h i s  d e fo rm a ­
t i o n  zone the  m e t a l  f l o w s  tow ards  th e  v i r t u a l  a p e x  o f  t h e  
d i e .  Thus th e  wire  m a t e r i a l  changes  f ro m  f lo w in g  p a r a l l e l  
t o  the  w ire  a x i s  t o  f l o w i n g  to w a rd s  th e  v i r t u a l  d i e  a p e x  a t  
t h e  i n l e t  "boundary and toack a g a i n  a t  t h e  e x i t  tooundary. The 
a n g u l a r  change o f  d i r e c t i o n ,  "ft , v a r i e s  f rom  0 a t  t h e  w ire
a x i s  t o  , the  d i e  s e m i - a n g l e ,  a t  t h e  s u r f a c e .  Iiortoer and 
(5 )
E i c h i n g e r  assumed t h a t  an e le m e n t  o f  t h e  i n g o in g  w ire  
s h e a r s  i n s t a n t a n e o u s l y  th r o u g h  th e  a n g l e . on reaching  
the-:inlet  spherical tooundary . The work done p e r  u n i t  
volume i n  s h e a r i n g  th r o u g h  th e  a n g le  i s  k& f o r  s m a l l  
v a l u e s  o f  % whore k i s  t h e  s h e a r  y i e l d  s t r e s s .  F o r  a s m a l l  
a n n u lu s  o f  m a t e r i a l  o f  t h i c k n e s s  dR and  l e n g t h d x  w i th  a  
r a d i u s  R t h e  work done on c r o s s in g  tho  i n l e t  tooundary i s  
kj-ji. o< 2 t c R  dR doc , s i n c e  #  f o r  s m a l l
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a n g l e s .  The t o t a l  work done on e n t e r i n g  t h e  d i e  i s  t h e r e f o r e
R 9 ^ki-j^-ck 2 i r R  d R do c  -  - g -  T t k i ^ d a :  Ri and s i n c e  th e
volume o f  m a t e r i a l  e n t e r i n g  th e  d i e  i s  77 Rx2 doc > t h e n  t h e
r e d u n d a n t  work pe r  u n i t  volume i s - 2 - k i c <  . The same volume
o f  m a t e r i a l  i s  s h e a r e d  th r o u g h  th e  same a n g le  on c r o s s i n g
th e  e x i t  "boundary tout th e  m a t e r i a l  w i l l  have work h a rd e n e d
t o  a- s h e a r  y i e l d  s t r e s s  k2 i Thus th e  t o t a l  r e d u n d a n t  work
p e r  u n i t  volume i s  - ^ - ( k i + k 2) c < _________ ( 1 4 )  . Kortoer and
E i c h i n g e r  assumed the  Von M ises  c r i t e r i o n  o f  y i e l d i n g ,  which
g i v e s  k = , and t h u s  tho  c o n t r i b u t i o n  o f  r e d u n d a n t  work
H O
to  the  d raw ing  s t r e s s  "became gjg" ^ ( Y i  + Ya ) . They
added  t h i s  t o  the  d raw in g  s t r e s s  p r e d i c t e d  toy S a c h s 1 t h e o r y  
(16} to  giVe
t„ = y ( J | f i ) ( i  - [ £ ] * )  . j j j j v *  (15)
Thus th e  work o f  r e v e r s e d  s h e a r i h g  on c r o s s i n g
th e  i n l e t  and e x i t  "boundaries  i s  a l lo w e d  f o r  and added  t o
t h e  work o f  homogeneous d e f o r m a t i o n ,  which i s  assumed no t
t o  toe a f f e c t e d  toy t h e  s h e a r i n g .
(7)
Sie toel  used  the  same argum ent  tout assumed 
th e  T re s c a  c r i t e r i o n  which gave th e  c o n t r i b u t i o n  o f  r e d u n d a n t  
work to  the  d ra w in g  s t r e s s  a s  4 — (Yi+y2 ) o t  • T h i s  hQ
o
added  t o  th e  "basic homogeneous e x p r e s s i o n  of  Pomp, S ie toe l  
(8 )
and Houdromont t o  g ive
t *  = Y l „  ( M  * - L  MY u  (-%■) + 4 - ^  ( 1 6 )A2 C< r  3
T h is  a l lo w a n ce  f o r  r e d u n d a n t  work i s  open t o
s e v e r a l  o t o j e c t i o n s .  F i r s t l y  i t  d o es  n o t  a d e q u a t e l y  a l l o w
11*
; !■ (9)
f o r  th e  r e d u n d a n t  work a s  shown e x p e r i m e n t a l l y  "by Whi t t  on . 
S e c o n d ly ,  f o r  the  t h e o r e t i c a l  c o n d i t i o n s  o f  f r i c t i o n l e s s  
p l a n e - s t r a i n  d raw ing  o f  an i d e a l  r i g i d - p l a s t i c  m a t e r i a l  th e  
c o r r e c t i o n  does n o t  a g r e e  w i th  t h e  p r e d i c t i o n s  o f  s l i p - r l i n e  
f i e l d  t h e o r y ,  ( a p p e n d i x  1)> which f o r  th o se  c o n d i t i o n s  a r e  
s t r i c t l y  a c c u r a t e .  T h i s  i s  a more s e r i o u s  o b j e c t i o n  f o r  
l a c k  of  ag reem en t  u n d e r  t h e s e  c o n d i t i o n s  cann o t  be a t t r i b u t e d  
to  i n c o r r e c t  a l lo w a n c e  f o r  the  e f f e c t s  o f  f r i c t i o n  o r  t o  
t h e  i n a c c u r a c i e s  o f  t h e  a x i a l - s y m m e t r y  t h e o r e t i c a l  s o l u t i o n s .
2 .3 * 2 .  Work o f  W i s t r e i c h .
~TTo)
W i s t r e i c h  i n  1955 i n v e s t i g a t e d  r e d u n d a n t  work 
i n  wire  d raw ing  e x p e r i m e n t a l l y  u s i n g  two t e c h n i q u e s .  The 
f i r s t  o f  t h e s e  was th e  " e q i i i v a l e n t - s t r a i n  tedhnique**.
Because  of  t h e  r e d u n d a n t  work t h e  m a t e r i a l  i s  h a rd e n e d  more 
t h a n  i t  would have been  i f  i t  had been g i v e n  t h e  same e x ­
t e r n a l  s t r a i n  i n  homogeneous d e fo rm a t io n *  The s t r a i n  i n  
homogeneous d e f o r m a t i o n  which would be needed t o  g iv e  th e  
m a t e r i a l  the  same y i e l d  s t r e s s  a s  t h a t  o b t a i n e d  inhomogen- 
o o u s l y  i s  c a l l e d  th e  E q u i v a l e n t  S t r a i n .  Thus the d i f f e r e n c e  
b e tw een  the  e q u i v a l e n t  s t r a i n ,  , and th e  a c t u a l  s t r a i n , £ , 
i s  a measure  o f  the  red u n d a n t  work. The r a t i o  i s  c a l l e d
th e  r e d u n d a n t  work f a c t o r  0  ♦ T h i s  i s  i l l u s t r a t e d  i n
P i g .  1. W i s t r e i c h * s  r e s u l t s  a r e  shown i n  T a b le  1. W i s t r e i c h  
p o i n t e d  ou t  t h a t  t h e  r e s u l t s  were to o  few i n  number t o  
e s t a b l i s h  th e  dependence  o f  r e d u n d a n t  work on m e t a l  
p r o p e r t i e s ,  b u t  he fo u nd  t h a t  th e  m i ld  s t e e l  t h a t  he 
u se d ,  which had the h i g h e s t  r e l a t i v e  w o r k - h a r d e n in g  r a t e ,
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( - y  ^j-£-)}a l s o  had the  l o w e s t  0  .
The second  t e c h n i q u e  W i s t r e i c h  employed ,  
which w i l l  he c a l l e d  t h e  " e q u i v a l e n t  s t r e s s "  t e c h n i q u e ,  i s  
h a so d  on a c a l c u l a t i o n  o f  th e  t h e o r e t i c a l  d raw in g  s t r e s s  
f o r  a p a r t i c u l a r  s e t  o f  c o n d i t i o n s  a ssum ing  homogeneous 
d e f o r m a t i o n  and i t s  com p ar iso n  w i t h - t h e  m easured  d r a w in g  
s t r e s s  f o r  th o se  c o n d i t i o n s *  The d i f f e r e n c e  be tw een  t h e s e  
two i s  a t t r i b u t e d  t o  r e d u n d a n t  work* U s ing  t h i s  t e c h n i q u e  
W i s t r e i c h  e s t i m a t e d  0  over  a range  o f  d i e  g e o m e t r i e s  f o r  
Some h a rd  drawn co p p e r  w i t h  a lower  r e l a t i v e  w o r k - h a r d e n in g  
r a t e  t h a n  the  m a t e r i a l s  i n  T a b le  1, and  found  h i g h e r  
r e d u n d a n t - w o r k  f a c t o r s  t h a n  th o s e  i n  T ab le  1. He t h u s  
c o n c lu d e d  t h a t  the  g r e a t e r  t h e  w o rk -h a rd o n in g  r a t e  the  lower  
t h e  r e d u n d a n t  work.
The e q u i v a l e n t - s t r e s s  t e c h n i q u e  has  th e  draw­
b a c k  t h a t ,  s i n c e  the  r e d u n d a n t  work i s  c a l c u l a t e d  f ro m  th e  
d i f f e r e n c e  be tw een  two s i m i l a r  q u a n t i t i e s ,  a s m a l l  e r r o r  i n  
e i t h e r  becomes a l a r g e  e r r o r  i n  th e  p r e d i c t e d  r e d u n d a n t  
work. Such s m a l l  e r r o r s  a r e  l i k e l y  t o  be i n t r o d u c e d  by the  
a s s u m p t io n s  made i n  the  t h e o r e t i c a l  p r e d i c t i o n ,  s u c h  a s  
t h o s e  a b o u t  t h e  m ag n i tu de  and c o n s t a n c y  o f  t h e  c o e f f i c i e n t  
o f  f r i c t i o n ,  the  e f f e c t  o f  f r i c t i o n  on the  d i e  p r e s s u r e  and 
th e  e f f e c t  o f  work h a rd e n in g .  I n  h i s  t h e o r e t i c a l  p r e d i c t i o n  
W i s t r e i c h  u sed  S i e b e l ’ s t h e o r y  ( e q u a t i o n  (1 3 ) ) ,  e s t i m a t i n g  
|J f rom  th e  m easured  draw ing  f o r c e  and th e  d i e  f o r c e  u s i n g  
a s p l i t  d i e  t e c h n i q u e .  He t h u s  o b t a i n e d  an est imate o f  0
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which, w i l l  "be denoted.  0w  , d e f i n e d  Toyi
_ A 2Y ( 1 c o t p ( ) ^  ^
where t h e  mean y i e l d  s t r e s s ,  V > was u s e d  t o  a l l o w  f o r  work
( 1 2 )
h a r d e n i n g  a s  s u g g e s t e d  by  H i l l  arid Tupper* H i l l  and
Tupper  p o i n t e d  ou t  t h a t  th e  mean y i e l d  s t r e s s  s h o u l d  be t a k e n
a s  t h e  mean o f  t h e  y i e l d  s t r e s s  c u rv e  up to  the  e q u i v a l e n t
s t r a i n *  However, W i s t r e i c h  was u n a b le  to  do t h i s  w i th  h i s
wbrk h a rd e n ed  cojpper b e c a u se  w i th  i t s  low w or lo -harden ing
r a t e  h i s  t e c h n iq u e  was no t  s e n s i t i v e  enough to  m easu re  t h e
e q u i v a l e n t  s t r a i n .  He t h e r e f o r e  u se d  a mean y i e l d  s t r e s s
r e f e r r e d  to  the  e x t e r n a l  s t r a i n .  He c o n s i d e r e d  t h a t  the
r e s u l t i n g  e r r o r  was no t  e x c e s s i v e  compared w i th  th e  e r r o r  o f
m easurem ent  o f  r e d u c t i o n  b u t  t h i s  was l a t e r  q u e s t i o n e d  by
(13)
Townend and Broscomb.
W i s t r e i c h  summarised  h i s  r e s u l t s  f rom  th e  
" e q u i v a l e n t ~ s t r e s s ,! t e c h n i q u e  in  t h e  e m p i r i c a l  r e l a t i o n s h i p :
= 0 - 8 7 + P < ( i ^ )  ( 1 8 )
S in c e  t h i s  d i f f e r s  from the  t h e o r e t i c a l  p r e d i c t i o n  o f  th e  
r e d u n d a n t  work in  s t r i p  d ra w in g  by  H i l l ,  W i s t r e i c h  c o n c lu d e d  
t h a t  th e  v a l u e s  o f  0  f o r  s t r i p  and wire  a r e  d i f f e r e n t .
T h i s  c o n c l u s i o n  i m p l i e s  t h a t  t h e  d i f f e r e n c e s  fo u n d  can  not  
be a t t r i b u t e d  to  the  d i f f e r e n c e s  in  the  m a t e r i a l s  u se d ,
H i l l ’ s work b e i n g  b a s e d  on an  i d e a l  r i g i d - p l a s t i c  m a t e r i a l  
w h i le  W i s t r e i c h  u sed  a r e a l  e l a s t i c  w o r k - h a r d e n in g  m a t e r i a l .  
The dependence  o f  0  on m e t a l  p r o p e r t i e s  i s  t h u s  b e i n g  
c o n s i d e r e d  u n i m p o r t a n t .  T h i s  i s  s u p p o r t e d  by  the  work o f
17
Jo h n so n  and  Rowe, c o n s i d e r e d  l a t e r .  W i s t r e i c h  t h u s
c o n c lu d e d  t h a t  H i l l ’ s v a l u e s  f o r  0  c a n n o t  be used  d i r e c t l y
(14)
f o r  w i re  d rawing .  However,  Thomson and K obayash i  i n
1961 u se d  H i l l ’ s v a l u e s  o f  0  , combined w i th  an a l l o w a n c e  
(3)
a f t e r  Yang f o r  th e  e f f e c t  o f  th e  p a r a l l e l  p o r t i o n  o f  the  
d i e  and  c o e f f i c i e n t s  o f  f r i c t i o n  d e t e r m i n e d  by Yang f ro m  
s p l i t  d i e  e x p e r i m e n t s ,  and  o b t a i n e d  good p r e d i c t i o n s  o f  
Yang’ s e x p e r i m e n t a l  d raw in g  s t r e s s e s  f o r  a luminium. The 
e x p e r i m e n t a l  m easu rem en ts  however were s p a r s e  -  c o m p r i s i n g
*0 /
o n ly  f o u r  r e d u c t i o n s  a t  one d ie  a n g l e ,  10 6 , and  t h u s
t h e  e x t e n t  t o  Which t h e  ag reem en t  m igh t  have been  f o r t u i t o u s  
c a n n o t  be a s s e s s e d  and a c r i t i c a l  a p p r a i s a l  o f  the  v a l i d i t y  
o f  t h i s  t e c h n iq u e  i s  not  p o s s i b l e .
W i s t r e i c h  a l s o  c o n c lu d e d  t h a t  f r i c t i o n  a c t s  i n  
t h e  same se nse  a s  work h a r d e n i n g  on c o p p e r ,  t h e r e  b e i n g  
l e s s  r e d u n d a n t  work w i th  f r i c t i o n  th a n  w i t h o u t .
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2*3*3* Work o f  W h i t to n .
Whit  to n
m e n t a l  r e s u l t s  t o  d e te r m in e  th e  r e d u n d a n t  work i n  wire  
d raw in g  "by the  e q u i W l e ^ n t - s t r e s s  t e c h n i q u e .  Fo r  th e  
t h e o r e t i c a l  p r e d i c t i o n  he u sed  Sactr?;- t h e o r y ,  w h e reas  
WistJpeich had u se d  S i e b e l Ts t h e o r y .  S a c h in  t h e o r y  was 
shown by W h it to n  to  g iv e  “b e t t e r  ag reem en t  w i th  e x p e r im e n t  
when the  r e d u n d a n t  work i s  low, a s ,  f o r  i n s t a n c e ,  when 
d raw in g  th r o u g h  d i e s  o f  low a n g l e .  Moreover i t  s h o u ld  "be 
s t r i c t l y  a c c u r a t e  f o r  an i d e a l  m a t e r i a l  d e fo rm in g  homo­
geneously*  V7hitton compared t h e  r e s u l t i n g  r e d u n d a n t  work 
c o n t r i b u t i o n s  w i th  th o se  p r e d i c t e d  “by th e  K’o r b e r  and E i e h i n g e r  
c o r r e c t i o n ,  a s  u se d  by d i e b o l ,  who assumed t h e  T r e s c a  
c r i t e r i o n  t o  hold* He found  t h a t  the  r a t i o  o f  t h e s e  two 
e s t i m a t e s  o f  the  c o n t r i b u t i o n  o f  r e d u n d a n t  work t o  th e  draw­
in g  f o r c e  was v e r y  c l o s e  to  the  te rm  c< -■ -p- e x c e p t  a t  
v e r y  h ig h  d i e  a n g l e s  and low r e d u c t i o n s .  Y /h i t ton  t h u s  
s u g g e s t e d  an e m p i r i c a l  e x p r e s s i o n  f o r  the  r e d u n d a n t  wo-rk 
c o n t r i b u t i o n  to  t h e  d raw ing  f o r c e ,  Aa Y o({  - - - ■ ) ( 19 )
Y /h i t t o n ’ s f i n a l  e x p r e s s i o n  f o r  t h e  d raw ing  s t r e s s  i s  t h u s
t M ( 2 0 )
He checked  t h i s  e x p r e s s i o n  f o r  a l l  known
p r e v i o u s  e x p e r i m e n t a l  r e s u l t s  f o r  which (J c o u ld  be 
e s t i m a t e d ,  and fou n d  i t  t o  be  a c c u r a t e  to  w i t h i n  10$.
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2.3*4* Work o f  T r o z e r a .
 m —
T r o z e r a  i n  1964 made a d i f f e r e n t  a p p ro a c h  
t o  the  p rob lem  f o r  c o m m e rc ia l ly  p u r e  a lum in ium . He o b t a i n e d  
com puter  s o l u t i o n s  f o r  a range  o f  assumed jJ v a l u e s  t o  
d raw ing  e q u a t i o n s  which a l lo w e d  th e  o b se rv e d  s t r a i n - h a r d e n i n g  
b e h a v i o u r  o f  th e  m e t a l  to be t a k e n  i n t o  a c c o u n t ,  b u t  which 
n e g l e c t e d  r e d u n d a n t  work. Thus* by  compar ing  th o  e x p e r i ­
m e n t a l l y  d e t e r m i n e d  d raw ing  f o f c e  f o r  d raw ing  th r o u g h  a iow 
a n g le  d ie  when th e  r e d u n d a n t  work sho u ld  be n e g l i g i b l e ,  w i th  
th e  p r e d i c t e d  d raw in g  f o r c e  f o r  d i f f e r e n t  c o e f f i c i e n t s  o f  
f r i c t i o n  he was a b l e  to  o b t a i n  an a c c u r a t e  v a lu e  o f  .
Then, assum ing  t h a t  (J was s i m i l a r  f o r  d raw in g  th r o u g h  h i g h e r  
a n g l e  d i e s  when the  r e d u n d a n t  work was no* l o n g e r  n e g l i g i b l e ,  
he was a b le  to  d e te r m in e  what homogeneous s t r a i n  would be 
needed to  g i v e  th e  o b se rv ed  d ra w in g  s t r e s s  f o r  a g iv e n  d i e  
a n g le .  He t h u s  o b t a i n e d  the  c o n t r i b u t i o n  o f  r e d u n d a n t  work 
a s  the  d i f f e r e n c e  between the work o f  homogeneous d e f o r m a t i o n  
t o  g iv e  the  o b se rv e d  d raw ing  s t r e s s ,  and th e  work o f  homo­
g eneous  d e f o r m a t io n  to  g iv e  th e  o b se rv e d  s t r a i n .  T r o z e r a ’ s 
r e s u l t s  a re  shown i n  P ig .  2. He c o n c lu d e s  t h a t  n e i t h e r  the  
K&frbcr and E i c h i n g e r  c o r r e c t i o n  f a c t o r  nor  W h i t t e n ’ s e m p i r i c a l  
e x p r e s s i o n  a r e  i n  a c c o r d  w i th  the  r e s u l t s ,  b u t  t h a t  th e  
f o r m e r  p r e d i c t s  a s i m i l a r  ty p e  o f  dependence o f  r e d u n d a n t  
work on s t r a i n  to t h a t  o b t a i n e d .  T r o z e r a ’ s r e s u l t s  
i n d i c a t e d  t h a t  the  f o r c e  n e c e s s a r y  t o  overcome th e  r e d u n d a n t  
work c o u ld  be a p p r o x i m a t e ly  g i v e n  by
RUo.  = ( 2 8 3 0 < ^ z + 3 0 < ^  ) ( 1  - 0 ( 21 )
2i3*5»- Work, o f  Johnson  and Rowe.
(T F )
Jo hn so n  and Rowe i n  1968, a p p a r e n t l y
i n d e p e n d e n t l y ,  d e v e lo p e d  a t e c h n i q u e ,  s i m i l a r  t o  t h a t  o f
com par ison  w i th  e x p e r i m e n t a l  d raw in g  s t r e s s e s  f o r  a 2 ° d i e  
when r e d u n d a n t  work sh o u ld  be n e g l i g i b l e ,  gave an e s t i m a t e  
o f  |J which was assumed to  be th e  same f o r  d ra w in g  th r o u g h  
l a r g e r  d i e s .  They were t h u s  a b l e  t o  e s t i m a t e  a r e d u n d a n t -  
work f a c t o r ,  0 T , which they  t o o k  as  the  r a t i o  o f  th e  e x ­
p e r i m e n t a l l y  o b s e r v e d  draw ing  s t r e s s  to  th e  d raw in g  s t r e s s  
p r e d i c t e d  by  the  b a s i c  S a c h s ’ e q u a t i o n  w i th  jj d e t e r m i n e d  a s  
above .  U n l ik e  T r o z e r a ,  however,  t h e y  a l l o w e d  f o r  h a r d e n i n g  
b y  u s i n g  a mean y i e l d  s t r e s s  d e f i n e d  a s
where , and  iz a r e  th e  s t r a i n s  c o r r e s p o n d i n g  to  th e  change
c a r r i e d  o u t  t h i s  work on c o p p e r ,  6O/I4O b r a s s ,  a lum in ium  and 
0,1  foG- s t e e l  i n  b o t h  th e  a n n e a l e d  and the  w o rk -h a rd en e d  
c o n d i t i o n s ,  u s i n g  a v a r i e t y  o f  l u b r i c a n t s .  I n  the  work- 
h a rd en ed  c o n d i t i o n  the e r r o r  i n v o lv e d  in  u s i n g  a mean y i e l d  
s t r e s s  i s  r e d u c e d .  Johnson  and Rowe found  t h a t  0 7 was a
i s  tfie s u r f a c e  a r e a  of a mean s p h e r i c a l  s e c t i o n  in  th e  d i e
U5> . . ,
T r o z e ra  by  o b t a i n i n g  dom puter  s o l u t i o n s  to the' b a s i c
B a c h s ’ e q u a t i o n  f o r  a range o f  assumed |J v a l u e s .  Then
( 2 2 )
i n  d im e n s io n s  of the  ro d  i n  t h e  p a s s  c o n s i d e r e d .  They
l i n e a r  f u n c t i o n  o f  th e  g e o m e t r i c a l  p a r a m e t e r  —A$i where As
M
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and  M i s  t h e  a r e a  o f  t h e  i n t e r f a c e  ‘between w ire  and  die*
*
T h i s  r a t Id  was chosen  "because i t  h e a r s  a  c l o s e  re sem b lan c e  
r
t o  the  —g —r a t i o  u sed  i n  p l a n e  s t r a i n  drawing* T h e i r
r e s u l t s  a r e  shown i n  F i g s .  3 - 6  and T ab le  2 and a r e  i n  "broad
agreem en t  w i th  t h e  r e s u l t s  o f  W i s t r e i c h  a s  shown by  F i g .  7*
From t h e s e  r e s u l t s  the  e f f e c t s  o f  w o rk -h a rd e n in g  r a t e  and
f r i c t i o n  on the  r e d u n d a n t  work were c o n s i d e r e d .  . I f  a h i g h e r
w o rk -h a rd e n in g  r a t e  gave l e s s  r e d u n d a n t  work ( a s  r e p o r t e d  by 
( 1 0 )
W i s t r e i c h  ) ,  t h e n  t h i s  s h o u ld  be fo u nd  by com par ing  0 j  
f o r  the  a n n e a l e d  and c o ld  worked m a t e r i a l s  in  T a b le  2. How­
ever*  t h e s e  d i f f e r e n c e s  a r e  s m a l l  and  n o t  a lw ays  i n  the  same 
s e n s e .  Johnson  and Rowe a t t r i b u t e  t h i s  t o  th e  e r r o r s ,  
i n v o lv e d  in  u s i n g  a mean y i e l d  s t r e s s  and s u g g e s t  t h a t  a  
more a c c u r a t e  a s s e s s m e n t  o f  t h e  e f f e c t  o f  w o r k - h a r d e n in g  can 
be o b t a i n e d  f rom  a c o m p ar ison  o f  t h e  e x p e r i m e n t a l  v a l u e s  o f  
0 j  f o r  d i f f e r e n t  p re -w o rk ed  m a t e r i a l s  a s  shown i n  F i g .  8i 
They comment t h a t  t h e r e  i s  p o s s i b l y  a s m a l l - e f f e c t ;  t h e  
h i g h e r  th e  w o r k - h a r d e n in g  r a t e  t h e  l e s s  th e  r e d u n d a n t  work* 
b u t  t h a t  the  d e c r e a s e  i s  on ly  o f  t h e  o r d e r  o f  3 /  oven f o r  
m a t e r i a l s  w i th  such  a l a r g e  d i f f e r e n c e  i n  w o r k - h a r d e n in g  
r a t e s  a s  a lum in ium  and  60 /40  b r a s s *  S in c e  th e  e x p e r i m e n t a l  
s c a t t e r  can be o f  t h e  same o rder*  and s i n c e  the  v a l u e s  o f  0 $  
f o r  p re -w o rk ed  m i l d  s t e e l  do no t  l i e  be tw een  t h o s e  f o r  
a lum in ium  and 6 0 /4 0  b r a s s  over  t h e  whole of  t h e  A s/M ran ge  
c o n s id e r e d *  th ey  c o n c lu d e  t h a t  w o r k - h a r d e n in g  r a t e  h a s  no 
s i g n i f i c a n t  i n f l u e n c e  on r e d u n d a n t  work.
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John so n  and Rowe a l s o  c o n s i d e r e d  t h a t  t h e i r
( 1 0 )
r e s u l t s  f a i l e d  to  s u p p o r t  W i s t f e i c h ' s  o b s e r v a t i o n  t h a t  
i n c r e a s e d  f r i c t i o n  r e d u c e s  r e d u n d a n t  work. They p o i n t  ou t  
t h a t  t h i s  o b s e r v a t i o n  was b a s e d  on r e s u l t s  f o r  c o p p e r ,  w i t h  
JJ be tw een  0 .0 2  and 0 .0 3  a s  m easured  by  t h e  s p l i t - d i e  
t e c h n iq u e s  whereas  t h e i r  v a l u e s  o f  0^ f o r  m i l d  s t e e l  show no 
dependence  on |J , which was e s t i m a t e d  t o  v a r y  be tween 
0 .0 2 6  -  0 . 0 7 .  With c o p p e r  th ey  d i d  f i n d  a s m a l l  d e c r e a s e  i n  
0 j  a s  p i n c r e a s e d ,  b u t  s i n c e  |J o n ly  v a r i e d  f rom  0 .0 9  -  0 .11 
t h e y  d id  n o t  r e g a r d  the  e f f e c t  a s  s i g n i f i c a n t ,  and  th e y  
t h e r e f o r e  c o n c lu d ed  t h a t  f r i c t i o n  has  no a p p r e c i a b l e  
i n f l u e n c e  on red u n d a n t  work. T h is  c o n c l u s i o n  was r e i n f o r c e d  
b y  a t h e o r e t i c a l  e s t i m a t e  o f  the  e f f e c t  o f  f r i c t i o n  b a s e d  on 
an a t t e m p t  to  a p p ly  s l i p - l i n e  f i e l d s  t o  a x i s y m m e t r i c  d ra w in g .  
The a u t h o r s  p o i n t  ou t  t h a t  t h e r e  i s  no t h e o r e t i c a l  ■ j u s t i f i c a ­
t i o n  f o r  t h e  a s s u m p t io n s  t h i s  i n v o l v e s  b u t  t h a t  th e  t e c h n i q u e  
does  p r e d i c t  0 j  r e a s o n a b l y  w e l l  a s  shown i n  P i g .  9* The 
t e c h n iq u e  p r e d i c t e d  a d e c r e a s e  i n  0  f ro m  1 .6 3  -  1-33 when 
JU i s  i n c r e a s e d  from  0 . 0  to  0 . 1 .  The e f f e c t  i s  o f  t h e  o r d e r  
o f  3% which i s  comparable  to  t h e  e x p e r i m e n t a l  e r r o r  i n  
d e t e r m i n i n g  0y .
2 .3 * 6 .  Work o f  C a d d e l l  and A t k i n s .
“ T 1 7 T
C a d d e l l  and A t k i n s  i n  1968 u se d  the  e q u i ­
v a l e n t  s t r a i n  t e c h n iq u e  to  d e te r m in e  0  f o r  a n n e a l e d  r o d s  
of  a lum in ium ,  s t a i n l e s s  s t e e l ,  armco i r o n  and  an a lum in ium  
a l l o y  drawn th r o u g h  c o n i c a l  d i e s  o f  s e m i - a n g l e  9 ° - 2 2 i ° .  They
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fo un d  t h a t  0 v a r i e d  w i th  m a t e r i a l  and th e y  were a b l e  t o  
r e l a t e  th e  m agni tude  o f  0  t o  t h e  s t r a i n  h a r d e n i n g  e x p o n e n t ,  
P , and  t o  th e  c o e f f i c i e n t ,  (To > in  the  power law a p p r o x i ­
m a t io n  to  th e  t r u e  s t r e s s - t r u e  s t i ' a i n  Oui'vu, O' = (To + 
by  th e  e m p i r i c a l  r e l a t i o n s h i p -
. *-jr\ -Q‘io o - i#  r \  / n  O''76 > r \r \  \0 = 3-70 0 ; n +0-48cro n ( 23 )
2k
2»k» Redundant work i n  s t r i p  d r a w in g - 
2*-U.. i » I n t r o d u c t i o n .
l/hon s t r i p  whose w id th  i s  l a r g e ,  ( g r e a t e r  "by a 
f a c t o r  o f  a t  l e a s t  5)> compared t o  i t s  i n i t i a l  t h i c k n e s s  and to  
th e  l e n g t h  o f  th e  c o n t a c t  zone be tw een  s t r i p . a n d  d i e  i s  drawn
th e  r i g i d  n o n -d e fo rm in g  m a t e r i a l  o u t s i d e  th e  d e f o r m a t i o n
zone p r e v e n t s  l a t e r a l  e x p a n s io n  o f  t h e  s t r i p  in  the  d e f o r m a t i o n
zone e x c e p t  n e a r  t o  the  e d g e s  and th e  c o n d i t i o n s  a p p ro x im a te
t o  p l a n e - s t r a i n .  For  c e r t a i n  drawing  c o n d i t i o n s  i n  p l a n e
s t r a i n ,  d e t a i l e d  s l i p - l i n e  f i e l d  s o l u t i o n s  which a c c u r a t e l y
a c c o u n t  f o r  the  inh o m o gene i ty  of  d e f o r m a t i o n  have b e en  d e -  
( 1 2 ) ( 18 ) ( 1 9 ) ( 2 0 ) ( 2 1 ) 
v i s e d .  Thus f o r  t h e s e  c o n d i t i o n s  t h e
r e d u n d a n t  work i s  accux’a t e l y  known and t h e  e f f i c a c y  o f  t h e
v a r i a u e  t e d  a l l o w a n c e s  f o r  r e d u n d a n t  work can be exam ined .
2.1}.2. F r i c t i o n i c s s  d raw in g  o f  non w o r k - h a r d e n i n g
m a t e r i a l .
F o r  an i d e a l  r i g i d - p l a s t i c  non w o r k - h a r d e n in g
m a t e r i a l  s l i p - l i n e  f i e l d  s o l u t i o n s  were o b t a i n e d  by H i l l  and
( 1 2 )
Tuppor i n  19^8 f o r  a  range  o f  clie a n g l e s  and r e d u c t i o n s ,
( 2 1 )
ana t h i s  ran g e  was e x te n d e d  by Green and H i l l  i n  1952.
T h e i r  r e s u l t s  a r e  shown in  T ab le  3 a s  th e  r a t i o  o f  t ,  t h e  
d ra w in g  s t r e s s  c a l c u l a t e d  from s l i p - l i n e  f i e l d  t h e o r y ,  to  
Y/ £  , t h e  d raw ing  s t r e s s  p r e d i c t e d  by S a c h s 1 t h e o r y  f o r
f r i c t i o n l e s s  homogeneous d e f o r m a t io n  i n  p l a n e  s t r a i n .  The 
S a c h s ’ e q u a t i o n s  f o r  f r i c t i o n l e s s  homogeneous d e f o r m a t i o n  
u n d e r  p l a n e - s t r a i n  c o n d i t i o n s ,  e q u i v a l e n t  t o  e q u a t i o n s  (2)  
and ( 3 ) ,  a r e
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t s  = j N ' d i
t„*M = Y ' U
where, Y i s  t h e  c o n s t r a i n e d  y i e l d  s t r e s s ;
( 24)
w i t h i n  -
These c a l c u l a t i o n s  a r e  e s t i m a t e d  t o  he a c c u r a t e  to  
Green and H i l l  found  t h a t  the  r a t i o  —^
cwas a f u n c t i o n  of  t h e  g e o m e t r i c a l  p a r a m e t e r D
Y'£
where D
(= 0)
i s  th e  l e n g t h  o f  th e  c o n t a c t  zone be tw een  s t r i p  and d i e  and 
C i s  th e  l e n g t h  o f  th e  c i r c u l a r  a r c  which  has  i t s  c e n t r e  a t  
th e  v i r t u a l  apex  o f  the  d i e  and j o i n s  th e  m i d p o i n t s  o f  t h e  
c o n t a c t  zones  a s  i l l u s t r a t e d  be low .
I t  can be shown t h a t  2 - t .LD r ( 2 5 )
The f u n c t i o n a l  r e l a t i o n s h i p  was a c c u r a t e  t o  t V z %  f o r  oC 
be tw een  5° a n d  30°* Thus th e  d raw ing  s t r e s s ,  t , i s  g iv e n  by  
t *  = 0 Y £  t o  w i t h i n  ± Vz%  and  t h i s  i n t r o d u c e s  t h e  c o n c e p t  
o f  a m u l t i p l y i n g  f a c t o r ,  0  , w i t h  which t o  c o r r e c t  t h e  b a s i c  
Sachs* e q u a t i o n  in  o r d e r  t o  a l l o w  f o r  r e d u n d a n t  work. Green
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and H i l l  a l s o  p o i n t e d  out  th e  d i r e c t  c o r r e l a t i o n  t h a t  e x i s t s  
■between th e  r o d u n a a n t - w o r k  f a c t o r  in  d raw ing  and  in  i n d e n t a ­
t i o n  a s  shown "below.
F o r  i n d e n t a t i o n  th e  r a t i o  -Er- where P i s  t h e  mean i n d e n t a t i o n  
p r e s s u r e ,  i s  e q u a l  to  0  when the r a t i o  of  s t r i p  t h i c k n e s s  to
i e  "breadth, h
"5"
, i s  e q u a l  to cD
f a c t o r  0  and
The r e l a t i o n s h i p  "between th e  r e d u n d a n t - w o r k  
i s  shown in  Fig* 10 and t a b u l a t e d  inD
Table  4 « The a v a i l a b i l i t y  o f  t h e s e  a c c u r a t e  r e d u n d a n t - w o r k  
v a l u e s ,  even though c o n f i n e d  to  i d e a l  c o n d i t i o n s ,  e n a b l e s  a 
ch eck  t o  be made on th e  a c c u ra c y  o f  th e  K o rb e r  and E i c h i n g e r  
c o r r e c t i o n .  T h i s  has  been  done in  t h e  manner d e s c r i b e d  in  
a p p e n d ix  1.
F r i c t i o n l e s s  d raw ing  o f  a w o r k - h a r d e n i n g  
m a t e r i a l .
a  2 )
H i l l  ana  Tupper  s u g g e s t e d  a s im p le  method o f  
a l l o w i n g  f o r  the  c o n t r i b u t i o n  o f  h a r d e n i n g  to  the  d raw ing  
s t r e s s  i n  th e  a b sen ce  of  f r i c t i o n .  They s u g g e s t e d  t h a t  t h e
d raw ing  s t r e s s ,  t *  , would be g iv en  b y  t* = Yd£ ( 26 )
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Comparing t h i s  w i th  e q u a t io n  (21+) f o r  homogeneous d e f o r m a t i o n  
o f  a h a rd e n in g  m a t e r i a l  we see  th e  d i f f e r e n c e  t o  be  t h a t  the  
r a n g e  o f  i n t e g r a t i o n  i s  g r e a t e r  by  0  T h i s  c o r r e c t i o n  
i m p l i e s  t h a t  th e  e q u i v a l e n t  s t r a i n ,  and hence 0  , i s  i n d e ­
p e n d e n t  o f  t h e  w o rk - h a r d e n in g  c h a r a c t e r i s t i c s  o f  th e  m a t e r i a l  
and  H i l l  and T upper  s u g g e s t  t h a t  t h i s  i s  a p p r o x i m a t e l y  so.
a ° )
However, W i s t r e i c h  a r e s u l t s  o u t l i n e d  in  s e c t i o n  2 .> *2 .*  
a l t h o u g h  th e y  were too  few to  e s t a b l i s h  the  dependence  o f  0  
on m e t a l  p r o p e r t i e s ,  d i d  s u g g e s t  t h a t ,  f o r  s m a l l  r e d u c t i o n s  
a t  l e a s t ,  t h e r e  was a t e n d e n cy  f o r  h i g h e r  r e l a t i v e  work-
h a r d e n i n g  r a t e s  to  g iv e  lower v a l u e s  o f  0  •
H i l l  and T upper  p o i n t e d  ou t  t h a t  e q u a t i o n  ( 2 6 ) 
g i v e s  the  c o r r e c t  r e s u l t  when a p p l i e d  to  a n o n - h a r d e n i n g
/C0t.Z ,
m a t e r i a l ,  s i n c e  th en  tm = Y I dc  = 0 Y  i t  a s  b e f o r e ,
and  a l s o  f o r  a h a r d e n i n g  m a t e r i a l  when the  d i e  g e o m e t ry  i s  
su ch  t h a t  0  i s  n e g l i g i b l e  and th e  work done i s  t h e  same a s  
i n  homogeneous d e f o r m a t i o n  g iv en  by  (21+).
2• h • 1+ • A l lowance  f o r  f r i c t i o n  and r e d u n d a n t  work .
T m
E a r l y  s l i p - l i n e  f i e l d  s o l u t i o n s  f o r  a  l i m i t e d
rang e  o f  d i e  g e o m e t r i e s  showed t h a t  the  d i e  p r e s s u r e  was o n ly  
s l i g h t l y  a f f e c t e d  by  th e  p r e s e n c e  o f  f r i c t i o n ,  so t h a t  C |^  Q*  
a s  s u g g e s t e d  by S i e b e l  ( s e c t i o n  2 . 2 . 3 * )  and t h u s  t o  a ro u g h  
a p p r o x i m a t i o n
=  ( 1  + | j  c o t < * )  ( 1 1 )
In
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( 2 1 ) ( 2 2 )
L a t e r  Green and H i l l  and B ishop  o b t a i n e d
s o l u t i o n s  f o r  an e x te n d e d  range  o f  d i e  g e o m e t r i e s  which  th ey
e x p r e s s e d  c o l l e c t i v e l y  i n  the  e m p i r i c a l  f o rm u la
■|j|- = ( 1 +|jcoW) -  ]j(0-2+0-08r cotV) (27)
T h i s  fo r m u la  t h e y  b e l i e v e d  t o  be n o t  more t h a n  1$ i n  e r r o r  
f o r  5 ^  ^  15 and |j ^ 0 * 1 5  and when the  d i e  g eo m e try  was
such t h a t
(0-230. f )  < r < (28)
I f  r e d u n d a n t  work i s  n e g l e c t e d ,  the  r a t i o  4 j£— f o r  a  non-
*-HN
h a r d e n i n g  m a t e r i a l  can be o b t a i n e d  from e q u a t i o n  (2 k )  and  t h e
p l a n e - s t r a i n  e q u i v a l e n t  o f  e q u a t i o n  ( 1 0 ) ,  t h u s
( 29)U  _ (1 +B)( 1 - e 6£)
( 2 3 ) B£ tM>i<■hi
a c c u r a t e  H i l l - T u p p e r  t h e o r y  ( 2 7 )  ana  w i th  S i e b e l ’ s  a p p ro x im a -
Green i n  1960 compared t h i s  r a t i o  w i t h  f ro m  th e
Ih
t i o n  ( 1 1 ) .  The com par ison  i s  g iv e n  i n  T a b le  5* T h i s  shows 
t h a t  th e  a s s u m p t io n  o f  S i o b e l ’ s t h e o r y ,  e q u a t i o n  ( 1 1 ) ,  i s  n o t  
good b u t  t h a t  S a c h s ’ t h e o r y ,  ( 2 9 ) ,  p r e d i c t s  t h e  r a t i o  a s  fo u n d  
by  th e  a c c u r a t e  H i l l - T u p p e r  t h e o r y ,  ( 2 7 ) ,  t o  w i t h i n  1% over  
most  of  t h e  r a n g e  o f  v a r i a b l e s  c o n s i d e r e d  even when 0  i s  
l a r g e .  T h e r e f o r e ,  s i n c e  S a c h s ’ t h e o r y  n e g l e c t s  r e d u n d a n t  
work, th e  f a c t o r  by  which th e  r e d u n d a n t  work r a i s e s  t h e  draw­
in g  s t r e s s  p r e d i c t e d  by  S a c h s ’ t h e o r y ,  t h a t  i s  0  , must  be
i n d e p e n d e n t  o f  f r i c t i o n .  Making th e  f u r t h e r  a s s u m p t io n  t h a t
(2 3 )
t h e  same i s  t r u e  f o r  a h a r d e n i n g  m a t e r i a l ,  Green s u g g e s t e d
th e  f o l l o w i n g  t e c h n iq u e  f o r  wedge shaped  d i e s  to  a l l o w  f o r
tHh a r d e n i n g ,  f r i c t i o n  and r e d u n d a n t  work: The r a t i o  ~r*— i s
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f o u n d  f rom  S a c h s '  t h e o r y  u s i n g  a l i n e a r  or e x p o n e n t i a l  
a p p r o x im a t io n  t o  th e  y i e l d  s t r e s s  curve* T h is  r a t i o  i s  
assumed t o  Toe the  same a s  the  r a t i o  -p -  i Thus t 
c a l c u l a t e d  f ro m  e q u a t i o n  (26)  can "be used  to  d e t e r m i n e  t 
T h i s  method i n v o l v e s  t h e  a s s u m p t io n  t h a t  th e  e q u i v a l e n t  
s t r a i n  i s  i n d e p e n d e n t  t )oth  o f  m e t a l  p r o p e r t i e s  and  o f  the  
c o e f f i c i e n t  o f  f r i c t i o n *  No e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  
th e  d e p e n d e n c e ’ of  r e d u n d a n t  work on m e ta l  p r o p e r t i e s  and on 
th e  c o e f f i c i e n t  o f  f r i c t i o n  has  "been r e p o r t e d  f o r  s t r i p  
d raw ing .
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2.5* Redundan t  work i n  r e l a t e d  m e ta lw o rk in g  p r o c e s s e s
2 . 5 - 1 -  Redundant  work i n  p l a n e - s t r a i n  i n d e n t a t i o n . 
T2TT^
Green and H i l l  p o i n t e d  out  the  a n a l o g y  ‘between 
th e  r ed u n u a n t  work in  f r i c t i o n l e s s  p l a n e - s t r a i n  i n d e n t a t i o n  
and i n  f r i c t i o n l e s s  s t r i p  d raw ing  f o r  an i d e a l  m a t e r i a l .  The 
r a t i o  fo p  i n d e n t a t i o n ,  where P  i s  th e  mean i n d e n t a t i o n
p r e s s u r e ,  i s  e g u a l  to  0  when the r a t i o  of s t r i p  t h i c k n e s s  to  
d i e  "breadth,  _h_ , i s  e q u a l  to -Q -  . The dependence  o f  _E_
h b D ( 1 9 ) {zh) Y
on p r e d i c t e d  hy s l i p - l i n e  f i e l d  th e o r y  i s  shown in
P i g .  10 and T a b le  i |. T h i s  dependence  o f  r e d u n d a n t  work on 
-fa— in  p l a n e - s t r a i n  i n d e n t a t i o n  has  been  e x p e r i m e n t a l l y
b  ‘ {25)
v e r i f i e d  "by v / a t t s  and Ford f o r  a n n e a le d  c o p p e r  and b r a s s ;
e x c e l l e n t  ag reem en t  w i th  the t h e o r e t i c a l  p r e d i c t i o n s  was 
fo u n d  even f o r  O  where, a s  -fa— d e c r e a s e s ,  0  d e c r e a s e s
b  b
i n  an o s c i l l a t o r y  f a s h i o n .  T h i s  work l e d  to  th e  deve lopm ent
of  the p l a n e - s t r a i n  i n d e n t a t i o n  t e s t  f o r  d e t e r m i n i n g  th e
( 2 5 ) ( 2 6 )
b a s i c  y i e l d  s t r e s s  c u rv e .  F u r t h e r  e x p e r i m e n t a l  c o n -
(27)
f i r m a t i o n  has  been p r o v id e d  by  Hundy on worked c o p p e r  
and s t a i n l e s s  s t e e l
2 . 5 - 2 .  Redundant work i n  r o l l i n g .
T 2 § 1
Hundy and S i n g e r  i n v e s t i g a t e d  the  d i s t r i b u t i o n
of  h a r d n e s s  a c r o s s  the  t h i c k n e s s  o f  r o l l e d  s t r i p  and  drawn 
w i r e .  They found  t h a t  th e  n a t u r e  o f  th e  i n h o m o g e n e i ty  o f  
d e f o r m a t i o n  was s i m i l a r  in  b o t h  p r o c e s s e s .  No q u a n t i t a t i v e  
e s t i m a t e s  o f  th e  r e d u n d a n t  work in  r o l l i n g  a p p e a r  to have 
b e en  made. However, a l l  t h a t  i s  needed  to  e s t i m a t e  r e d u n d a n t
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work "by th e  e q u i v a l e n t - s t r a i n  t e c h n iq u e  i s  a c c u r a t e  y i e l d
s t r e s s  c u r v e s  f o r  the  de fo rm ed  and the  undeform ed metal*
T h is  p a r t i c u l a r  i n f o r m a t i o n  i s  p r o v id e d  f o r  cop p e r  'be fore  and
( 2 6 )
a f t e r  r o l l i n g  i n  a p a p e r  "by W a t t s  and Fo rd  on the  138810 
y i e l d  s t r e s s  cu rve  f o r  a m e t a l .  Redundan t  work e s t i m a t e s  
can  th u s  be made f rom  th e  i n f o r m a t i o n  i n  t h i s  p a p e r ;  T h i s  
has  been  done and a s u g g e s t i v e  c o r r e l a t i o n  fo u n d  be tw een  th e  
r e d u n d a n t  work i n  r o l l i n g  and d raw ing .  T h i s  work i s  r e p o r t o d  
i n  Append ix  2<
2 . 5 . 3 . R edundant  work i n  e x t r u s i o n  and  p i e r c i n g .
The a n a l y s i s  of th e  m ec h an ic s  o f  th e  e x t r u s i o n  
p r o c e s s  i s  i d e n t i c a l  i n  p r i n c i p l e  w i th  t h a t  f o r  w i re  d raw ing .  
T h i s  i s  a l s o  t r u e  f o r  s h e e t  e x t r u s i o n  and s h e e t  drawing* and
( 1 2 ) ( 2 0 )
th e  s l i p - l i n e  f i e l d  s o l u t i o n s  o b t a i n e d  b y  H i l l  f o r
t h e s e  p r o c e s s e s  a r e  i d e n t i c a l .  However? the  e x t e n s i o n  of 
t h e s e  t h e o r e t i c a l  r e s u l t s  to  c o v e r  r e a l  m a t e r i a l s  and  r e a l  
c o n d i t i o n s  i s  more d i f f i c u l t  i n  e x t r u s i o n  th a n  i n  d raw in g  
b e c a u s e  l a r g e r  d i e  a n g l e s  and l a r g e r  r e d u c t i o n s  o f  a r e a  a r e  
g e n e r a l l y  i n v o l v e d .  I n  a u d i t i o n  t h e r e  i s  t h e  c o m p l i c a t i o n  o f  
c o n t a i n e r - b i l l e t  f r i c t i o n  i n  d i r e c t  e x t r u s i o n .
( 13 )
Townend and Broscomb c a r r i e d  ou t  an i n v e s t i g a ­
t i o n  o f  the  e x t r u s i o n  p r o c e s s  which  was v e r y  s i m i l a r  t o
( 10)
W i s t r e i c h * s  i n v e s t i g a t i o n  of  w i re  d raw in g ,  e x c e p t  t h a t  t h e  
e q u i v a l e n t - s t r a i n  t e c h n iq u e  was n o t  u se d .  They m e a su re d  the  
d i e  f o r c e  by  a s p l i t  d i e  t e c h n iq u e  and t h e  e x t r u s i o n  f o r c e ,  
and  th e n ,  making a s s u m p t io n s  a b o u t  th e  n a t u r e  o f  th e  f r i c t i o n a l
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work, th ey  were a b l e  to  compute the  c o n t r i b u t i o n  o f  f r i c t i o n  
to  the  e x t r u s i o n  p r e s s u r e .  By s u b t r a c t i o n  f rom t h e  e x p e r i -  
m e n t a l l y  d e te r m in e d  e x t r u s i o n  p r e s s u r e  t h e y  o b t a i n e d  the  con­
t r i b u t i o n  o f  d e f o r m a t i o n  t o  t h e  e x t r u s i o n  p r e s s u r e ,  and  the  
s t r a i n  i n  homogeneous d e f o r m a t io n  t h a t  t h i s  c o n t r i b u t i o n  
would produce  was t a k e n  a s  the  e q u i v a l e n t  s t r a i n .  No 
re d u n d a n t -w o rk  m easu rem en ts  were made b u t  the  depend en ce  o f  
e q u i v a l e n t  s t r a i n  on the geom etry  o f  t h e  d e fo rm in g  r e g i o n  was 
shown to  be s i m i l a r  to  t h a t  found  by  W i s t r e i c h  f o r  w ire  
d raw in g .  T h is  work i s  open to  t h e  same o b j e c t i o n s  a s  t h o s e  
t h a t  a p p ly  to  a l l  work u s i n g  t h i s  a p p ro a c h ,  namely t h a t  the  
r e d u n d a n t  work i s  d e te r m in e d  f rom  th e  d i f f e r e n c e  b e tw ee n  
e x p e r i m e n t a l l y  d e t e r m i n e d  e x t r u s i o n  p r e s s u r e s  and  th e  t h e o r e ­
t i c a l  p r e d i c t i o n s  o f  e x t r u s i o n  p r e s s u r e  a l l o w i n g  f o r  f r i c t i o n  
b u t  n e g l e c t i n g  r e d u n d a n t  work. Thus s m a l l  e r r o r s  i n  e i t h e r  o f  
t h e s e  q u a n t i t i e s  become l a r g e r  e r r o r s  i n  t h e i r  d i f f e r e n c e  and 
su c h  e r r o r s  a r e  i n t r o d u c e d  by  the  a s s u m p t io n s  i n t r o d u c e d  i n  
th e  t h e o r e t i c a l  e s t i m a t e s .
An u p p e r  bound e s t i m a t e  o f  th e  r e d u n d a n t  work i n
(29)
e x t r u s i o n  has  b e en  o b t a i n e d  by Pugh. T h i s  was o b t a i n e d ,
a s  was th e  KCJtber and E i c h i n g e r  c o r r e c t i o n ,  by  c o n s i d e r i n g  
o n ly  th e  s h e a r i n g  t h a t  o c c u r s  on c r o s s i n g  the  b o u n d a r i e s  o f  
t h e  d e fo rm in g  r e g i o n ,  b u t  t h i s  e s t i m a t e  was n o t  r e s t r i c t e d  t o  
low d i e - a n g l e s .  Pugh a n a l y s e d  t h r e e  d i f f e r e n t l y  s h a p e d  
b o u n d a r i e s  f o r  t h e  defo rm ing  r e g i o n ,  p l a n e ,  s p h e r i c a l  and 
c o n i c a l ,  and f o r  t h e s e  he o b t a i n e d  t h e  c o n t r i b u t i o n  o f
r e d u n d a n t  w o r k  t o  t h e  e x t r u s i o n  p r e s s u r e  a s  f o l l o w s :
P l a n e  b o u n d a r y  - y  k c< (1 + + ------------ )
S p h e r i c a l  b o u n d a r y  - y  k o ( (1  + y y  + _  )
C o n i c a l  b o u n d a r y  — k o < (1 + y y  + ................... ) ( 3 0 )
A l l  t h e s e  r e d u c e  t o  t h e  K o r b e r  an d  E i c h i n g e r
p
c o r r e c t i o n  ( y - k o O  f o r  l o w  d i c - a n g l e s .  P u g h  p o i n t e d  o u t  
t h a t  t h e  e s t i m a t e  f o r  r e d u n d a n t  w o r k  f o r  t h e  c o n i c a l  b o u n d a r y  
i s  s l i g h t l y  l o w e r  a t  t h e  l a r g e r  d i e  a n g l e s ,  ( b y  a b o u t  5% f o r  
2 o ^ =  1 2 0  ) ,  t h a n  t h a t  f o r  t h e  s p h e r i c a l  b o u n d a r y .  N e v e r t h e ­
l e s s  he a d o p t e d  t h e  l a t t e r  i n  h i s  w o r k ,  c o n s i d e r i n g  i t  t o  b e
"a m ore  n a t u r a l  b o u n d a r y  f o r  t h e  c o n i c a l  f l o w  i n  t h e  d i e ’5.
(30)
A v i t z u r  h a s  i n d e p e n d e n t l y  g i v e n  t h e  same c o r r e c t i o n  f o r  
t h i s  b o u n d a r y .  U s i n g  an  a n a l y s i s  s i m i l a r  t o  S i e b e l * s  f o r  
w i r e  d r a w i n g ,  a n d  a l l o w i n g  f o r  r e d u n d a n t  w o r k  w i t h  h i s  e x ­
p r e s s i o n  f o r  a s p h e r i c a l  b o u n d a r y ,  P u g h  d e r i v e d  an  e x p r e s s i o n  
f o r  t h e  e x t r u s i o n  p r e s s u r e  when |J i s  l o w .  He c o m p a r e d  t h i s  
w i t h  e x p e r i m e n t a l l y  m e a s u r e d  e x t r u s i o n  p r e s s u r e s  f o r  t w o  
a l u m i n i u m  a l l o y s  i n  h y d r o s t a t i c  e x t r u s i o n  when  M i s  l o w .  By 
s l i g h t l y  a d j u s t i n g  t h e  e x p r e s s i o n  a n d  a p p a r e n t l y  u s i n g  p  a s  
an  a d j u s t a b l e  p a r a m e t e r  he w as  a b l e  t o  o b t a i n  g o o d  a g r e e m e n t .  
2 . 5 * 4 .  R e d u n d a n t  w or k  i n  t u b e - d r a w i n g .
C l o s e  p a s s  d r a w i n g  o f  t h i n - w a l l e d  t u b e s ,  w h e r e  t h e  
w a l l  t h i c k n e s s  i s  s m a l l  c o m p a r e d  w i t h  t h e  t u b e  d i a m e t e r ,  i s  a  
v e r y  s i m i l a r  p r o c e s s  t o  s t r i p  d r a w i n g  i n  t h a t  t h e  s t r a i n  i n
t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  i s  n e g l i g i b l e  a n d  t h e  c o n d i t i o n s
( 3 0
a p p r o x i m a t e  t o  p l a n e  s t r a i n .  B l a z y n s k i  a n d  C o l e  h a v e  e x -
3k
p e r i m e n t a l l y  i n v e s t i g a t e d  th e  p lu g  draw ing  p r o c e s s  and d e ­
t e rm in e d  the  p r o p o r t i o n  o f  r e d u n d a n t  work "by t h e  t e c h n iq u e  
o f  com par ing  m easured  d raw in g  s t r e s s e s  w i th  t h e o r e t i c a l  
p r e d i c t i o n s  f o r  homogeneous d e f o r m a t i o n .  However t h e  s i t u a t i o n  
was c o m p l i c a t e d  "because a c e r t a i n  amount o f  s i n k i n g  o c c u r r e d  
i n  t h e i r  e x p e r i m e n t s  which i n v o l v e d  a l o t  o f  r e d u n d a n t  work 
and t h i s  masked the  v a r i a t i o n  i n  r e d u n d a n t  work i n  th e  su b ­
s e q u e n t  d raw ing  o p e r a t i o n .  I n  t h e i r  e x p e r i m e n t s  the  
p r o p o r t i o n  o f  s i n k  was k e p t  c o n s t a n t  a t  a b o u t  6%, and  th e y  
fou nd  t h a t  th e  red u n d a n t  work o n ly  s l i g h t l y  d e c r e a s e d  w i th  
i n c r e a s i n g  r e d u c t i o n .  T h is  can r e a s o n a b l y  be  a c c o u n t e d  f o r  
by  th e  l a r g e  and a p p r o x i m a t e ly  c o n s t a n t  amount o f  r e d u n d a n t  
work f rom  th e  s i n k i n g  p r o c e s s  overshadow ing  th e  v a r i a t i o n  i n  
the  s m a l l e r  amount o f  r e d u n d a n t  work o c c u r r i n g  i n  th e  d ra w in g  
p a r t  o f  t h e  p r o c e s s .  They were u n a b le  to  e f f e c t i v e l y  
s e p a r a t e  t h e s e  two < -“ o n e n t s .  T h e i r  c o n c l u s i o n s  have b e e n
c r i t i c i s e d  b y  Green
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3• E x p e r i m e n t a l  p rocedure*
3*1* I n t r o d u c t i o n .
The a im o f  t h i s  i n v e s t i g a t i o n  was to  d e t e r m i n e  t h e  
dependence  o f  r e d u n d a n t  work on t h e  g eo m e try  o f  t h e  d e fo rm in g  
r e g i o n  and on t h e  p r o p e r t i e s  o f  t h e  drawn m e t a l .  To t h i s  end 
a s e l e c t i o n  o f  m a t e r i a l s  which would g i v e  a wide r a n g e  o f  
m e t a l  p r o p e r t i e s  was d e s i r a b l e .  However^ th e  m easurem ent  o f  
r e d u n d a n t  work by  the  e q u i v a l e n t - s t r a i n  t e c h n i q u e ,  w h ich  was 
chosen  f o r  t h i s  i n v e s t i g a t i o n  b e c a u s e  o f  i t s  a c c u r a c y ,  
r e q u i r e d  much m e c h a n ic a l  t e s t i n g  and t h i s  l i m i t e d  t h e  number 
o f  m a t e r i a l s  t h a t  c o u ld  bo i n v e s t i g a t e d .
A new method f o r  th e  d e t e r m i n a t i o n  o f  th e  r e d u n d a n t - w o r k  
f a c t o r  was d e v e lo p e d  t o  a l l o w  com puter  b a s e d  p r o c e d u r e s  t o  be  
employed. The use o f  t h e s e  p r o c e d u r e s  removes t h e  ” o p e r a t o r  
jud g em en t” f a c t o r  p r e s e n t  i n  t h e  p r e v i o u s l y  u sed  m e th od s  w i th  
c o n s e q u e n t  g a i n s  in  r e p r o d u c i b i l i t y  o f  r e s u l t s .  These 
p r o c e d u r e s  have a l s o  a l l o w e d  a s im p le  c h e c k  to  be made on t h e  
d e g re e  o f  e r r o r  l i k e l y  t o  be i n t r o d u c e d  i n t o  t h e o r e t i c a l  p r e ­
d i c t i o n s  o f  r e d u n d a n t  work by  th e  a s s u m p t io n  of  " p e r f e c t  
r i g i d i t y ” o f  the  drawn m a t e r i a l .
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3*2. Ma t e r i a l s .
When t h i s  work was s t a r t e d  a l l  p r e v i o u s  r e d u n d a n t - w o r k  
m easu rem en ts  r ^ p a r t e d  i n  the  l i t e r a t u r e  had been  c a r r i e d  o u t  
on c o p p e r  and  m i lu  s t e e l ,  These  m a t e r i a l s  were t h e r e f o r e  
chosen  f o r  t h e  p r e s e n t  i n v e s t i g a t i o n  to  a l l o w  com par ison  to  
be made w i t h  p r e v i o u s  work. I n  a d d i t i o n  - b r a s s  was chosen  
b e c a u se  i t s  w o rk -h a rd e n in g  r a t e  changes  r e l a t i v e l y  s lo w ly  
w i th  i n c r e a s i n g  s t r a i n *  Thus i t  was hoped t h a t  by  r o l l i n g  
th e  b r a s s  by  d i f f e r e n t  amounts a range  o f  m a t e r i a l s  would be 
o b t a i n e d  w i th  i n c r e a s i n g  y i e l d  s t r e n g t h s  b u t  s i m i l a r  work- 
h a rd e n in g  r a t e s .  S i m i l a r l y ,  by  r o l l i n g  the  co p p e r  t o  th e  
same y i e l d  s t r e n g t h s  a s  th e  b r a s s e s ,  i t  was hoped t o  bo a b l e  
t o  p roduce  M a t e r i a l s  w i th  th e  same i n i t i a l  y i e l d  s t r e n g t h s  
b u t  d i f f e r e n t  w o rk -h a rd e n in g  r a t e s *  To p r o v i d e  an i n d i c a t i o n  
o f  the  r e p r o d u c i b i l i t y  o f  th e  r e s u l t s  f rom  th e  e q u i v a l e n t -  
s t r a i n  t e c h n i q u e  a  second  b a t c h  o f  co pp er  was a l s o  i n v e s t i g a ­
t e d .  I t  was t r e a t e d  a t  e v e r y  s t a g e  o f  the  i n v e s t i g a t i o n  
a s  a d i f f e r e n t  m a t e r i a l .  These  m a t e r i a l s  a r e  l i s t e d  i n  
T ab le  6.
A l l  m a t e r i a l  was s u p p l i e d  i n  s t r i p  fo rm ,  n o m in a l ly  
1” x . R o l l i n g  was c a r r i e d  o u t  on a s m a l l  2 - h i g h  m i l l  w i t h  
6 ” d i a m e te r  r o l l s .  The s t r i p  to  be r o l l e d  was f i r s t  c u t  t o  
l e n g t h  f o r  c o n v e n ie n c e  b u t  a l l  s t r i p s  o f  each  m a t e r i a l  were 
r o l l e d  u nd e r  i d e n t i c a l  c o n d i t i o n s .  I n s u f f i c i e n t  b r a s s  was 
r o l l e d  i n i t i a l l y  to  a l l o w  i n v e s t i g a t i o n  o f  a l l  d i e  a n g l e s .  
However, b e c a u s e  i d e n t i c a l  r o l l i n g  c o n d i t i o n s  c o u ld  n o t  be
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g u a r a n t e e d  d u r i n g  s u b s e q u e n t  r o l l i n g  s u c h  m a t e r i a l  was  
t r e a t e d  a s  a  s e p a r a t e  m a t e r i a l  e v e n  when r o l l e d  t o  t h e  same  
n o m i n a l  r e d u c t i o n .  The  r o l l i n g  r e d u c t i o n s  r e c e i v e d  b y  t h e  
s t r i p  a r e  g i v e n  i n  T a b l e  7»
The ± 0 . 1 j .% r a n g e  o f  r e d u c t i o n s  q u o t e d  f o r  m a t e r i a l s  I4 
a n d  8 i s  t h e  maximum p o s s i b l e  r a n g e ,  n o t  t h e  a c t u a l  r a n g e .
F o r  t h e s e  tw o  m a t e r i a l s  t h e  t h i c k n e s s  b e f o r e  a n d  a f t e r  r o l l ­
i n g  o f  t h e  t o t a l  l e n g t h  o f  s t r i p  r o l l e d  w a s  n o t e d  b u t  t h e  
r e d u c t i o n s  o f  t h e  i n d i v i d u a l  s t r i p s  w e r e  n o t  r e c o r d e d .  T h u s  
t h e  r a n g e  q u o t e d  c o v e r s  t h e  e x t r e m e s  o f  t h e  t h i c k e s t  p a r t  o f  
t h e  u n r o l l e d  s t r i p  t o  t h e  t h i n n e s t  p a r t  o f  t h e  r o l l e d  s t r i p ,  
a n d  o f  t h e  t h i n n e s t  u n r o l l e d  p a r t  t o  t h e  t h i c k e s t  r o l l e d  p a r t .  
The  a c t u a l  r a n g e  o f  r e d u c t i o n s  w i l l  b e  c o n s i d e r a b l y  l e s s  t h a n  
t h i s .  F o r  t h e  o t h e r  m a t e r i a l s  t h e  r e d u c t i o n s  o f  t h e  i n d i v i d u a l  
s t r i p s  w e r e  r e c o r d e d  an d  t h e  r a n g e  i s  4  -  0 . 2 % .  E a c h  r e d u c t i o n  
i s  b a s e d  on t h e  a v e r a g e  o f  a t  l e a s t  f i v e  t h i c k n e s s  m e a s u r e m e n t s .  
S i n c e  t h e  s a m e  r o l l i n g  e q u i p m e n t  a n d  t e c h n i q u e  w e r e  e m p l o y e d  
f o r  a l l  t h e  m a t e r i a l s  i t  s e e m s  l i k e l y  t h a t  t h e  a c t u a l  r a n g e  o f  
r e d u c t i o n s  f o r  m a t e r i a l s  k  a n d  8 w o u l d  b e  o f  a b o u t  t h e  same  
m a g n i t u d e  a s  f o r  t h e  o t h e r  m a t e r i a l s ,  t h a t  i s  4 ~  0 . 2%.
M o r e o v e r ,  t h e  r o l l e d  s t r i p s  d r a w n  t h r o u g h  a n y  o n e  d i e  a n g l e  
w e r e  s e l e c t e d  t o  b e  t h o s e  w i t h  t h e  m o s t  s i m i l a r  r o l l i n g  
r e d u c t i o n s ,  t h u s  f o r  a n y  d i e  a n g l e  t h e  a c t u a l  r a n g e  o f  r o l l i n g  
r e d u c t i o n s  w as  l e s s  t h a n  t h e  v a l u e s  q u o t e d  i n  T a b l e  7* The  
f u l l  r a n g e  q u o t e d  i n  T a b l e  7 w o u l d  o n l y  a p p l y  t o  c o m p a r i s o n s  
b e t w e e n  r e s u l t s  f r o m  d i f f e r e n t  d i e  a n g l e s  on o n e  m a t e r i a l  a n d
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n o t  t o  c o m p a r iso n s  be tween  r e s u l t s  f rom d i f f e r e n t  m a t e r i a l s  
and  one d i e  a n g le  f o r  which t h e  r an g e  would be less*
A p o s s i b l e  s o u rc e  o f  e r r o r  w i th  the  m i ld  s t e e l  s t r i p  
was th e  phenomenon of  s t r a i n - a g e  h a rd e n in g . . .  F o r ,  i f  s t r a i n -  
age  h a rd e n in g  o c c u r r e d  a f t e r  d raw in g  b u t  b e f o r e  t e n s i l e  
t e s t i n g ,  t h e n  t h e  d i f f e r e n c e  i n  m e c h a n ic a l  p r o p e r t i e s  b e f o r e  
and  a f t e r  d raw in g  would n o t  be due s o l e l y  t o  th e  d raw ing  
o p e r a t i o n .  C o n s e q u e n t ly  th e  s t r a i n  a g e in g  b e h a v i o u r  o f  the  
m i ld  s t e e l  was i n v e s t i g a t e d  by  r o l l i n g  s t r i p s  o f  th e  s t e e l  
t o  d i f f e r e n t  r o l l i n g  r e d u c t i o n s  a n d  f o l l o w i n g  the  su b s e q u e n t  
change i n  h a r d n e s s  w i th  t im e.
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3*3- Drawing e q u ip m e n t .
The s t r i p  was drawn on a h y d r a u l i c  d rawbench ( P i g .  12) 
which had a maximum draw ing  f o r c e  o f  10 t o n s  and was c a p a b le  
o f  d raw ing  up t o  U f e e t  o f  s t r i p  a t  any  sp eed  bo tween  3 and 
31 f e e t  p e r  minute* The d i e s  were o f  s p e c i a l  c o n s t r u c t i o n .  
Bach d i e  c o n s i s t e d  o f  two s e p a r a t e  f i a t - f a c e d  h a l v e s ,  one 
f i x e d  and th e  o t h e r  mounted on a  20 ton  h y d r a u l i c  ram i n ­
depend en t  of  the  main drawbonch ram. S i x  d i e - h a l f  p a i r s  
were made f rom  h ig h  ca rb o n  h ig h  chromium d i e  s t e e l  w i t h  a 
f i n i s h e d  h a r d n e s s  o f  800 Hv; a s  shown i n  P i g .  13.  These  gave 
d i e  s e m i - a n g l e s  (c*Q o f  2 ° ,  5°  ( b o t h  1  , 10° ,  13° ,  20°
and 25^ ( a l l  -  •§$). Any r e d u c t i o n  cou ld  be o b t a i n e d  by  a d ­
j u s tm e n t  o f  t h e  d i e  ram f o r c e ,  which d u r i n g  d raw in g  was in  
e q u i l i b r i u m  w i t h  th e  components  o f  d i e  r e a c t i o n  and  f r i c t i o n  
f o r c e  a c t i n g  norm al  to  th e  s t r i p .  I n c r e a s e  i n  ram f o r c e  
c au se d  the  d i e s  t o  s i n k  f u r t h e r  i n t o  th e  s t r i p  which i n c r e a s e d  
b o t h  the  r e d u c t i o n  b e i n g  a t t e m p t e d ,  and hence the  d ra w in g  
f o r c e ,  and th e  a r e a  o f  c o n t a c t  be tween  s t r i p  and  d i e .  Thus 
b o t h  th e  d i e  r e a c t i o n  and the  f r i c t i o n  f o r c e  were i n c r e a s e d  
and a new e q u i l i b r i u m  was e s t a b l i s h e d .  T h i s  a r r a n g e m e n t  
a l l o w e d  a f u l l  range  of  d raw in g  r e d u c t i o n s  t o  be a t t e m p t e d  
w i t h  the  same d i e  on m a t e r i a l  o f  th e  same i n i t i a l  t h i c k n e s s ,  
t h u s  a v o i d i n g  th e  c o n s i d e r a b l e  d i f f i c u l t i e s  i n v o l v e d  i n  
p r o d u c in g  s t r i p  w i t h  a range  of  t h i c k n e s s  b u t  w i th  th e  same 
p r o p e r t i e s .
C a l i b r a t i o n  o f  the  drawbonch was an i n t e g r a l  p a r t  o f  th e
kO
i n v e s t i g a t i o n  so t h a t  f o r  any m a t e r i a l  and s e t  o f  d raw in g  
c o n d i t i o n s  s t r i p  c o u ld  "be drawn to  th e  r e q u i r e d  r e d u c t i o n .
The c a l i b r a t i o n  c u r v e s  a r e  g iv e n  i n  P i g s .  12+-22. The r e ­
d u c t i o n  o b t a i n e d  was found  to  be  s t r o n g l y  d e p e n d e n t  on the  
ram p r e s s u r e  and t h u s ,  once t h e  drawbench had b e e n  c a l i b r a t e d  
f o r  a p a r t i c u l a r  m a t e r i a l  and s e t  o f  d raw in g  c o n d i t i o n s ,  a  
r e q u i r e d  r e d u c t i o n  c o u ld  be c l o s e l y  a p p ro x im a te d  w i t h o u t  
d i f f i c u l t y .  The f i x e d  d i e  was mounted on a sc rew and t h u s  
i t s  p o s i t i o n  was a d j u s t a b l e  b e tw ee n  d raw s.  T h i s  a d j u s t m e n t  
was c a r r i e d  o u t  t o  keep th e  d i e  c e n t r e  on th e  c e n t r e  l i n e  o f  
t h e  drawbench t h u s  a v o i d i n g  " r o u n d  th e  c o rn e r "  d ra w in g .
3»k» Dr raving c o n d i t i o n s .
A l l  d raw ing  was c a r r i e d  out  on s t r i p s  n o m in a l ly  1H wide 
and t h i c k .  B e fo re  and a f t e r  d raw ing  the  s t r i p  w id th  and 
t h i c k n e s s  were m easured  to  -  0 . 0001H "by hand m icrometer*  
M easurements  were t a k e n  a t  V* i n t e r v a l s  a lo n g  th e  s t r i p  and 
a t  t h r e e  p o s i t i o n s  a c r o s s  the  w id th .  To m in im ise  t h e  e f f e c t s ,  
i f  any ,  o f  v a r i a t i o n  in  th e  f r i c t i o n  c o n d i t i o n s  on th e  
r e d u n d a n t  work a l l  s t r i p s  were p r e p a r e d  f o r  d raw ing  i n  the  
same way e x c e p t  when th e  e f f e c t  o f  f r i c t i o n  c o n d i t i o n s  was 
i t s e l f  B e ing  i n v e s t i g a t e d .  i \ l l  t a r n i s h  and s u r f a c e  m a rk in g s ,  
s c r a t c h e s  and i r r e g u l a r i t i e s  were removed w i t h  emery p a p e r  
and  the s t r i p s  were f i n i s h e d  on I4OO g rad e  emery w i t h  the  
f i n a l  s c r a t c h e s  l y i n g  a lo n g  th e  s t r i p *  The s t r i p s  were then  
c o a t e d  w i th  a s a t u r a t e d  s o l u t i o n  of sodium s t e a r a t e  i n  a l c o h o l  
and l e f t  to  d r y  f o r  a t  l e a s t  2 h o u r s .  D u r ing  d raw in g  a pad 
o f  soap r a p i d l y  formed in  the  d ie  e n t r y  and s i n c e  th e  f i r s t  
two in c h e s  drawn o f  e v e ry  s t r i p  were no t  used i n  th e  i n v e s t i ­
g a t i o n  a l l  i n v e s t i g a t e d  s t r i p  had Been drawn th r o u g h  a soap 
pad.
A few s t r i p s  were drawn a t  31 f e e t  p e r  m in u te ,  th e  
maximum speed  o f  the  drawBench. T hroughout  the  r e m a in d e r  o f  
th e  i n v e s t i g a t i o n  t h e  drawing speed  was m a i n t a i n e d  a t  3 i  f e e t  
p e r  m inu te .  A t  t h i s  speed a p p r e c i a B l e  h e a t i n g  o f  t h e  s t r i p  
o n ly  o c c u r r e d  w i th  v e r y  l a r g e  r e d u c t i o n s .
To i n v e s t i g a t e  the  e f f e c t  o f  f r i c t i o n  c o n d i t i o n s  on the  
r e d u n d a n t  work some s t r i p s  were drawn w i t h o u t  l u b r i c a t i o n .
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These s t r i p s  were p r e p a r e d  i n  th e  normal way t o  400 g r a d e  
emery and then  t h o r o u g h l y  d e g r e a s e d  w i th  t r i c h l o r e t h y l e n e  a s  
were th e  d ie s*  Subseq uen t  to  d e g r e a s i n g ,  c a r e  was t a k e n  t o  
a v o i d  h a n d l i n g  th e  p a r t  o f  th e  s t r i p  to  be drawn. Vi/hen no 
l u b r i c a n t  was employed a p p r e c i a b l e  h e a t i n g  o f  t h e  s t r i p  was 
e x p e r i e n c e d  w i th  a l l  b u t  th e  s m a l l e s t  r e d u c t i o n s .  The s t r i p ,  
on em erg ing  f rom  the  d i e  und e r  t h e s e  c o n d i t i o n s ,  was a t  
f i r s t  too  ho t  t o  h a n d le .  Being  t h i n ,  the  s t r i p  r a p i d l y  
c o o le d .  However, i t  was c o n s i d e r e d  p o s s i b l e  t h a t  some s e l f ­
a n n e a l i n g  e f f e c t  m ight  r e s u l t  which  c o u ld  o bsc u re  t h e  e f f e c t  
on th e  r e d u n d a n t  work of  the  change  i n  f r i c t i o n a l  c o n d i t io n s . -  
To r e d u c e  and i n v e s t i g a t e  t h i s  p o s s i b i l i t y  a  w a te r  c o o l i n g  
r i g  was c o n s t r u c t e d ,  a s  s k e t c h e d  i n  F i g .  23, and u se d  w i th  
some o f  th e  s t r i p s  drawn w i th o u t  l u b r i c a n t .
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3*5* D e t e r m i n a t i o n  o f  t r u e  s t r e s s - t r u e  s t r a i n  c u rv e s  
and  r e d u n d a n t  work*
The t e n s i l e  l o a d - e x t e n s i o n  c u r v e s  o f  the  drawn s t r i p s  
wore o b t a i n e d  u s i n g  a Mohr and F e d e r h o f  t e n s i l e  t e s t i n g  
m achine  f i t t e d  w i th  an a u t o g r a p h i c  drum r e c o r d e r #  The 
r e c o r d e r  drum was d r i v e n  by  an e l e c t r o n i c  e x t e n s o m e t e r  w i t h  
e i t h e r  a 1” or a 2” gauge l e n g t h  and  which o f f e r e d  a c h o ic e  
o f  t h r e e  s t r a i n  m a g n i f i c a t i o n s ,  x100 ,  x500 and  x 1 , 000 . The 
e x t e n s o m e t e r  had a maximum s t r a i n  r an g e  o f  0*02. On the  
drawn m a t e r i a l  t h i s  r e c o r d e d  the  l o a d - e x t e n s i o n  c u rv e  
s u f f i c i e n t l y  "beyond the  e l a s t i c  l i m i t  to  a l l o w  t h e  c a l c u l a t e d  
t r u e  s t r e s s - t r u e  s t r a i n  c u r v e s  t o  "be f i t t e d  t o  t h e  y i e l d  
s t r e s s  curve  i n  o r d e r  t o  d e te r m in e  the  e q u i v a l e n t  s t r a i n  a s  
shown in  F i g .  1. T rue  s t r e s s - t r u e  s t r a i n  c u rv e s  were ob­
t a i n e d  f rom  the  r e c o r d e d  l o a d - e x t e n s i o n  c u r v e s  "by th e  
t e c h n i q u e  d e s c r i b e d  i n  s e c t i o n  3*6 .  T e n s i l e  t e s t s  were 
c a r r i e d  ou t  on t e s t  p i e c e s  m ach ined  t o  B .S .1 8  a s  shown i n  
F i g .  2k* A l l  t a r n i s h  and s u r f a c e  m ark in g s  were removed f rom  
t h e  s u r f a c e s  o f  t h e  p a r a l l e l  p o r t i o n  o f  the  t e s t  p i e c e s  w i th  
U00 g r a d e  emery p a p e r .  The d im e n s io n s  o f  t h i s  p o r t i o n  were 
t h e n  m easured  to  0 . 0001” by hand m ic ro m e te r  b e f o r e  t e s t i n g .
Y i e ld  s t r e s s  c u rv e s  f o r  t h e  undrawn m a t e r i a l s  were 
o b t a i n e d  w i th  the  same equipm ent  by  t h e  s u p e r i m p o s i t i o n  o f  
t e n s i l e  s t r e s s - s t r a i n  c u rv e s  o b t a i n e d  f rom  t h e s e  m a t e r i a l s  
p r e s t r a i n e d  i n c r e a s i n g  amounts i n  t e n s i o n .  Up t o  20 t e n s i l e  
t e s t s  vs/ere c a r r i e d  o u t  on e a c h  o f  t h e s e  t e s t  p i e c e s  a f t e r
t h e y  had r e c e i v e d  s m a l l  i n c r e m e n t s  o f  s t r a i n  u n d e r  t e n s i o n  
i n  t h e  t e n s i l e  t e s t  m ach ine .  The d im e n s io n s  o f  t h e  t e s t  
p i e c e  gauge l e n g t h  were m easured  to  0 . 0001” b y  hand m ic r o ­
m e t e r  b e f o r e  and  a f t e r  s t r e t c h i n g i  T e s t i n g  in  t h i s  manner 
was c o n t i n u e d  u n t i l  t h e  o n s e t  o f  n e c k in g  was a p p a r e n t ,  
whereupon the p r e v i o u s  t e n s i l e  t e s t  was d i s r e g a r d e d .  Fo r  
a l l  m a t e r i a l s  e x c e p t  t h e  m ild  s t e e l  ( m a t e r i a l  1 2 ) t h i s  
p r o c e d u r e  a l l o w e d  th e  y i e l d  s t r e s s  cu rve  t o  be  d e t e r m i n e d  
to  s t r a i n s  s u f f i c i e n t l y  l a r g o  f o r  the  e q u i v a l e n t - s t r a i n  
t e c h n i q u e  t o  be employed over  th e  s t r a i n  range  c o v e r e d  in  
t h i s  i n v e s t i g a t i o n .  However w i t h  th e  s t e e l ,  n e c k i n g  o f  the  
t e n s i l e  t e s t  p i e c e  began  a f t e r  a t r u e  s t r a i n  o f  o n ly  a b o u t  
0 . 1 3 , and  so ,  t o  p r e v e n t  r e d u n d a n t - w o r k  m ea su rem en ts  f rom 
b e i n g  r e s t r i c t e d  to  t h i s  s m a l l  s t r a i n  r a n g e ,  the  f o l l o w i n g  
t e c h n i q u e  was u sed  t o  e x te n d  the  y i e l d  s t r e s s  c u r v e  t o  
h i g h e r  s t r a i n s .  I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  f o r  l a r g e
r e d u c t i o n s  w i th  s m a l l  d i e  a n g l e s ,  t h e r e  i s  v e r y  l i t t l e  
( 9 ) ( 1 1 ) ( 1 2 ) ( 1 5 T ( 1 6 )  
r e d u n d a n t  work. I n  f a c t  th e  r e d u n d a n t -
( 1 5 )
work m easurem ents  o f  T r o z e r a  ( s e c t i o n  2 . 3 . ^ . }  depend  on
th e  a s su m p t io n  t h a t  th e  amount o f  r e d u n d a n t  work i s  n e g l i g i b l y
s m a l l  f o r  a l l  r e d u c t i o n s  w i th  a  3 ° d i e  s e m i - a n g l e ,  and  t h o s e
(16)
o f  Jo h n so n  an d  Rowe ( s e c t i o n  2*3*5*)  depend on t h e  same 
a s s u m p t io n  f o r  l a r g e  r e d u c t i o n s  w i th  a  2 ° s e m i - a n g le  d i e .
I f  t h e  same a s s u m p t io n  i s  made f o r  t h e  s t e e l  g iv e n  t h e  l a r g e s t  
d r a w in g  s t r a i n  th r o u g h  the  lo w e s t  d i e  a n g l e  u sed  i n  t h i s  i n - '  
v e s t i g a t i o n ,  then  t h e  t e n s i l e  t e s t  on t h i s  s t r i p  can be u s e d
k5
t o  e x t e n d  th e  y i e l d  s t r e s s  cu rve  f o r  th e  undrawn m a t e r i a l .
Thus t e n s i l e  t e s t  280 ,  which was c a r r i e d  ou t  on s t e e l  s t r i p  
drawn t o  a t r u e  s t r a i n  o f  0 .2 8 3 3  t h r o u g h  t h e  3°  s e m i - a n g l e  
d i e ,  was used  f o r  t h i s  p u rp o s e .  Hence f o r  the  s t e e l  t h e  
y i e l d  s t r e s s  cu rv e  was c o n s t r u c t e d  by  the  s u p e r i m p o s i t i o n  of  
t e n s i l e  t r u e  s t r e s s - t r u e  ©brain  c u r v o e  up t o  a t r u e  s t r a i n  o f
0 .1 3  and th e  t r u e  s t r e s s - t r u e  s t r a i n  c u rv e  from t e n s i l e  t e s t  
280. I f  the  r e d u n d a n t  work was no t  n e g l i g i b l y  s m a l l  d u r i n g  
th e  d ra w in g  o f  s t r i p  280 then  th e  e x t e n d e d  p o r t i o n  o f  the  
y i e l d  s t r e s s  cu rve  f o r  m a t e r i a l  12 w i l l  have b e en  h i g h  by  
th e  amount o f  t h i s  r e d u n d a n t  work, and t h u s  r e d u n d a n t - w o r k  
m easu rem en ts  b a s e d  on th e  e x te n d e d  p o r t i o n  o f  th e  c u r v e  w i l l  
have been  u n d e r e s t i m a t e d .
The red u n d a n t  work was a s s e s s e d  by  th e  e q u i v a l e n t - s t r a i n  
t e c h n i q u e  i l l u s t r a t e d  i n  F i g .  1. However,  f i t t i n g  t h e  s t r e s s -  
s t r a i n  c u rv e  o f  t h e ’ drawn s t r i p  to  the  y i e l d - s t r e s s  c u rv e  o f  
t h e  undrawn m a t e r i a l  a s  shown i n  F i g .  1 p r e s e n t e d  u n f o r s o e n  
d i f f i c u l t i e s .  The drawn s t r i p  d i d  no t  a lw ay s  i n i t i a l l y  have 
t h e  same r a t e  o f  w o r k - h a r d e n in g  a s  t h e  undrawn m a t e r i a l  a f t e r  
th e  e q u i v a l e n t  s t r a i n ,  a s  shown d i a g r a m m a t i c a l l y  i n  F i g .  25* -
When t h e  drawn m a t e r i a l  showed a lo w er  w o r k - h a r d e n in g  r a t e  
t h a n  th e  undrawn m a t e r i a l  a t  t h e  e q u i v a l e n t  s t r a i n ,  F i g .  2 5 ( a ) ,  
t h e n  f i t t i n g  was s t i l l  p o s s i b l e  b e c a u s e  t h e  p o i n t  a t  which 
th e  two c u r v e s  j u s t  t o u c h e d  was c e r t a i n  and r e p r o d u c i b l e  and 
c o u ld  be e a s i l y  o b t a i n e d .  However, when the  drawn m a t e r i a l  
showed a h i g h e r  w o r k - h a r d e n in g  r a t e ,  a s  i n  F i g .  2 5 ( b ) ,
ij.6
d i f f i c u l t i e s  wore e x p e r i e n c e d  i n  f i t t i n g  th e  two c u r v e s  
t o g e t h e r .  C o n s i d e r a b l e  ” judgm en t” was r e q u i r e d  by t h e  
o p e r a t o r  and  th e  t e c h n iq u e  d i d  n o t  g iv e  c l o s e l y  r e p r o d u c i b l e  
v a l u e s  f o r  th e  e q u i v a l e n t  s t r a i n .  The e q u i v a l e n t  s t r a i n ,  and 
hence  uho r e d u n d a n t - w o r k  f a c t o r ,  c o u ld  o n ly  be f o u n d  a s  a 
r a n g e  o f  v a l u e s .  For  th e  c o p p e r ,  t h i s  p ro b lem  was p a r t i c u ­
l a r l y  t r o u b le s o m e  s i n c e  a t  h i g h  s t r a i n s  t h e  c o p p e r  s e t t l e d  
down t o  a v e r y  low r a t e  o f  w o r k - h a r d e n in g  so t h a t  s m a l l  
c h an g e s  i n  s t r e n g t h  c o r r e s p o n d e d  t o  l a r g e  changes  i n  s t r a i n .  
Thus the  a b s o l u t e  e r r o r  i n  t h e  e q u i v a l e n t - s t r a i n  d e t e r m i n a ­
t i o n ,  and  hence the  r e d u n d a n t - w o r k  f a c t o r ,  i n c r e a s e d  w i t h  
i n c r e a s e  i n  d raw ing  s t r a i n .  In  a d d i t i o n  the  r e d u n d a n t - w o r k  
f a c t o r  a p p ro a c h e s  u n i t y  a s  the  d raw ing  s t r a i n  i n c r e a s e s ,  and 
so t h e r e  was an i n c r e a s i n g  a b s o l u t e  e r r o r  on an e s t i m a t e  o f  
a s m a l l  and  d e c r e a s i n g  q u a n t i t y .
To overcome t h i s  p ro b lem  a d e f i n i t i o n  of  the  y i e l d  
p o i n t  was so u g h t  which would g iv e  a  d e f i n i t e  and r e p r o d u c i b l e  
p o i n t  f o r  a l l  sha p es  o f  c u rv e .  The d e f i n i t i o n  c hosen  i s  
i l l u s t r a t e d  in  F i g .  26.  T h i s  d e f i n i t i o n  was u sed  f o r  th e  
f o l l o w i n g  r e a s o n s  -
1. I t  f u l f i l l e d  th e  r e q u i r e m e n t  to  p r o v i d e  a d e f i n i t e  and  
r e p r o d u c i b l e  p o i n t .
2.  I t  c o i n c i d e d  w i th  the  g e n e r a l l y  a c c e p t e d  d e f i n i t i o n  o f  
t h e  y i e l d  p o i n t  f o r  t h o s e  c u rv e s  which d i d  show a s h a r p  
y i e l d  p o i n t .
3* I t  had some f u n d a m e n ta l  s i g n i f i c a n c e  f o r  th o se  c u r v e s
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which showed a g r a d u a l  t r a n s i t i o n  t o  a r e a s o n a b l y  u n i fo rm  
w o rk -h a rd e n in g  r a t e  r e g i o n  i n  t h a t  i t  c o r r e s p o n d e d  t o  what 
would have been  the  b e g i n n i n g  o f  p l a s t i c  s t r a i n  i f  t h e y  had 
r e a c h e d  the  same r e g i o n  f rom  a s h a r p  y i e l d  p o i n t .  
h* I t  f a c i l i t a t e d  th e  use o f  t h e  n u m e r ic a l  method o f  
e q u i v a l e n t - s t r a i n  d e t e r m i n a t i o n  d e s c r i b e d  l a t e r .
The c h o ic e  o f  d e f i n i t i o n  s h o u l d  n o t  a f f e c t  the  v a l u e s  
o f  r e d u n d a n t  work o b t a i n e d  p r o v i d e d  t h e  same d e f i n i t i o n  i s  
a p p l i e d  t o  b o t h  the  c o n s t r u c t i o n  o f  the  y i e l d - s t r e s s  cu rve  
o f  th e  undrawn m a t e r i a l  and to  t h e  c u rv e  f i t t i n g  l a t e r .
U s in g  th e  d e f i n e d  y i e l d  p o i n t  d e s c r i b e d  abo v e ,  r e p r o ­
d u c i b l e  v a l u e s  o f  th e  e q u i v a l e n t  s t r a i n  c o u ld  be o b t a i n e d .
I n  a d d i t i o n ,  f o r  t h i s  d e f i n i t i o n ,  p h y s i c a l  cu rve  f i t t i n g  was 
n o t  r e q u i r e d  s i n c e  the  e q u i v a l e n t  s t r a i n  c o u ld  be  o b t a i n e d  
f ro m  th e  y i e l d  s t r e s s  cu rve  o f  t h e  undrawn m a t e r i a l  d i r e c t l y  
t h e  d e f i n e d  y i e l d  p o i n t  and th e  s l o p e  o f  th e  e l a s t i c  p o r t i o n  
o f  t h e  curve  were known. M oreover ,  i f  an a n a l y t i c a l  e x p r e s s i o n  
wore a v a i l a b l e  f o r  t h e  y i e l d  s t r e s s  c u rv e  o f  the  undrawn 
m a t e r i a l ,  then  t h e  d e t e r m i n a t i o n  o f  th e  e q u i v a l e n t  s t r a i n  
c o u ld  be c a r r i e d  o u t  by  n u m e r i c a l  m ethods  s u i t e d  t o  com pu te r  
s o l u t i o n .  A n o th e r  a d v a n ta g e  was t h a t  i f  such an e x p r e s s i o n  
were a v a i l a b l e  a more a c c u r a t e  a s s e s s m e n t  o f  th e  r e d u n d a n t  
work c o u ld  e a s i l y  be o b t a i n e d ,  b a s e d  d i r e c t l y  on t h e  work 
done r a t h e r  th a n  on th e  e q u i v a l e n t  s t r a i n .  T h i s  i s  i l l u s ­
t r a t e d  i n  F i g .  27 and t h e  t e c h n iq u e  i s  d e s c r i b e d  i n  s e c t i o n  
3*8.  Thus s a t i s f a c t o r y  a n a l y t i c a l  a p p r o x i m a t i o n s  t o  t h e
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y i e l d  s t r e s s  c u r v e s  f o r  t h e  undrawn m a t e r i a l s  wero s o u g h t .
S e v e r a l  a n a l y t i c a l  e x p r e s s i o n s  were c o n s i d e r e d .  A
(33)
l a r g o  number have "been s u g g e s t e d  i n  t h e  p a s t .  Osgood i n
1946 summarised and d i s c u s s e d  22 e m p i r i c a l  e q u a t i o n s  p r o p o s e d
( 34)
■by d i f f e r e n t  i n v e s t i g a t o r s .  Voce i n  1948 p r o p o s e d  an
e x p o n e n t i a l  r e l a t i o n s h i p  o f  the  ty p e  <y = A - B e "  and
(35)
i n  1955 he compared th e  e x p o n e n t i a l  a p p r o x i m a t i o n  w i th  
t h a t  g i v e n  by  a power law o f  th e  type  CT = A£ f o r  c o p p e r  
over  a r a n g e  o f  s t r a i n  o f  0-0374* I n  t h e  l a t t e r  p a p e r  Voce 
r e p o r t e d  t h a t  he had a p p l i e d  th e  e x p o n e n t i a l  r e l a t i o n s h i p  t o  
s e v e r a l  hundred  p u b l i s h e d  c u r v e s  and found  t h a t  i n  most  
c a s e s  i t  c o u ld  be made to  f i t  w i th  ’’g r e a t  e x a c t i t u d e ” . The 
b e s t  p o s s i b l e  f i t s  o b t a i n e d  f rom  e x p r e s s i o n s  of  th e  typo  
O' = B £ n and  c r  = A + B £ n t o  th e  e x p e r i m e n t a l  y i e l d  s t r e s s  
c u r v e s  o f  th e  undrawn m a t e r i a l s  o f  t h i s  i n v e s t i g a t i o n  were 
o b ta in ed *  b u t  n e i t h e r  o f  t h e s e  power laws gave  a s a t i s f a c t o r y  
f i t  over  t h e  f u l l  ran g e  o f  s t r a i n .  The e x p o n e n t i a l  e x p r e s s i o n  
h a v in g  t h r e e  i n d e p e n d e n t  c o n s t a n t s ,  was fo u n d  to  bo e x t r e m e l y  
v e r s a t i l e  and t o  g iv e  a s a t i s f a c t o r y  f i t  ov e r  the  f u l l  s t r a i n  
ran g e  u sed  f o r  a l l  t h e  m a t e r i a l s .  However, t h e  i n d u c t i v e  
method u se d  to  d e te r m in e  t h e  e x p r e s s i o n ,  d e s c r i b e d  i n  s e c t i o n  
3»7> i s  t e d i o u s  and t ime consuming. 'A com pu te r  s o l u t i o n  was 
t h e r e f o r e  d e v e lo p e d  which i s  a l s o  d e s c r i b e d  i n  s e c t i o n  3 *7«
* *  where A , B and C a r e  c o n s t a n t s .
4 9
3*6. C o n v e r s io n  of l o a d - e x t e n s i o n  r e c o r d i n g s  to  t r u e  
s t r e s s  and t r u e  s t r a i n .
The t e n s i l e - t e s t i n g  equ ipm ent  d e s c r i b e d  p ro d u c e d  an 
a u t o g r a p h i c  r e c o r d i n g  o f  l o a d  a g a i n s t  e x t e n s i o n  o f  th e  t e s t -  
p i e c e  w i t h i n  the  e x te n s o m e te r  gauge  l e n g t h .  F u l l - s c a l e  
d e f l e c t i o n  l o a d  was 3>000 kg o r  6 ,0 0 0  kg a s  a p p r o p r i a t e .
From each  l o a d - e x t e n s i o n  r e c o r d i n g  a number of  p o i n t s ,  
u s u a l l y  10 -20 ,  were chosen  and the  lo a d  and e x t e n s i o n  
c o r r e s p o n d i n g  to  t h e s e  p o i n t s  were n o ted .  The m a j o r i t y  o f  
t h e  p o i n t s  were t a k e n  a rou n d  the  c r i t i c a l  y i e l d  r e g i o n .  The 
lo ad  v a l u e s  were c o n v e r t e d  to  nom ina l  s t r e s s e s  ( s )  by  d i v i d i n g  
by the  o r i g i n a l  c r o s s - s e c t i o n  a r e a s ,  and the  e x t e n s i o n  v a l u e s  
were c o n v e r t e d  to  nominal  s t r a i n s  ( e )  by d i v i d i n g  by the  
o r i g i n a l  gauge l e n g t h s .  The nom inal  s t r e s s  and nominal  
s t r a i n  v a l u e s  were then  c o n v e r t e d  to  t r u e  s t r e s s  and  t r u e  
s t r a i n  u s in g  th e  r e l a t i o n s h i p s .
cr = s (1 + e ) 
t  -  in (1 + e )
The t r u o  s t r a i n  c o r r e s p o n d i n g  t o  th e  change o f  d im e n s io n s  
undergone  i n  d raw ing  f o r  t h e  drawn s t r i p s  and in  s t r e t c h i n g  
f o r  t h e  undrawn s t r i p s  was then  c a l c u l a t e d ,  f rom  th e  
r e c o r d e d  d im e n s io n s  b e f o r e  and a f t e r  p r i o r  d raw in g  or s t r e t c h ­
i n g ,  and was added t o  t h e s e  t r u e  s t r a i n  v a l u e s .  The t r u e  
s t r a i n  v a l u e s  o b t a i n e d  f rom the  t e n s i l e  t e s t s  were f o r  l e n g t h  
s t r a i n .  S i m i l a r l y  the  t r u e  s t r a i n s  c a l c u l a t e d  f o r  the  
s t r e t c h i n g  p r i o r  to t e s t i n g  o f  the  undrawn m a t e r i a l s  were
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l e n g t h  s t r a i n s .  However, f o r  t h e  t r u e  s t r a i n s  undergone  i n  
d ra w in g ,  l e n g t h  s t r a i n  co u ld  n o t  a lw ay s  he used. '  T h i s  was 
■because d u r i n g  d raw in g  c o m p l e t e ly  p l a n e - s t r a i n  c o n d i t i o n s  
were n o t  o b t a i n e d  ( s e c t i o n  5*3*)•  For p l a n e - s t r a i n  c o n d i t i o n s  
l e n g t h  s t r a i n  and  t h i c k n e s s  s t r a i n  a r e  t h e  same. When, a s  
w i t h  most d raw s ,  a w id th  d e c r e a s e  o c c u r r e d ,  th e  l e n g t h  s t r a i n  
was g r e a t e r  t h a n  t h e  t h i c k n e s s  s t r a i n  and the  l e n g t h  s t r a i n  
c o r r e c t l y  r e p r e s e n t e d  the  work done* However, w i t h  some 
draws a w id th  i n c r e a s e  o c c u r r e d .  For  th e s e  draws i t  would 
have b e e n  e r r o n e o u s  to  use  l e n g t h  s t r a i n  a s  a m easure  o f  t h e  
e x t e r n a l  s t r a i n  undergone  by  t h e  m a t e r i a l s  b e c a u s e  a l l  t h e  
work of  d e f o r m a t i o n  a s s o c i a t e d  w i th  the w id th  i n c r e a s e ,  
w h e th e r  red u n d a n t  o r  homogeneous, would have been  i n c l u d e d  
i n  the  r e d u n d a n t - w o r k  m easurement  s i n c e  such  work would have 
h a rd e n e d  t h e  s t r i p  w i th o u t  r e s u l t i n g  in  l e n g t h  i n c r e a s e .
Hence f o r  such draws t h i c k n e s s  s t r a i n ,  which c o r r e c t l y  r e ­
p r e s e n t e d  the  work done,  was u s e d .  T h i s  a p p l i e d  to  s t r i p s  
156,  157* 173-177* 180,  181, 210,  219, 227, 21+7* 251 ,  262,
275* 279 and 280. Thus i n  t h i s  i n v e s t i g a t i o n  t r u e  s t r a i n s  a r e
a lw a y s  t r u e  l e n g t h  s t r a i n s  d e f i n e d  by  £ = l n ( - U - ) , e x c e p t
li
f o r  the  s t r a i n  undergone  i n  d ra w in g  the  s t r i p s  l i s t e d  above 
where the  t r u e  s t r a i n s  a r e  t r u e  t h i c k n e s s  s t r a i n s  d e f i n e d  b y
i = u ( 4m
F o r  the  p r o c e d u r e  o u t l i n e d  i n  t h i s  s e c t i o n  e a c h  t e n s i l e  
t e s t  i n v o lv e d  b e tw een  20 and 1+0 s e p a r a t e  c a l c u l a t i o n s  and ,  
s i n c e  a t  l e a s t  one t e n s i l e  t e s t  was c a r r i e d  ou t  on e a c h  o f
th e  drawn s t r i p s  and up to  20 t e n s i l e  t e s t s  wore c a r r i e d  out  
on each, o f  th e  12 undrawn m a t e r i a l s ,  t h e r e  was a g r e a t  d e a l  
o f  r e p e t i t i v e  c a l c u l a t i o n .  To r e d u c e  t h e  work i n v o l v e d  a 
com pu te r  was programmed t o  c a r r y  o u t  t h e s e  c a l c u l a t i o n s  "by 
s o l v i n g  the  f o l l o w i n g  e x p r e s s i o n s ;
where a  and  t> a r e  t h e  i n i t i a l  t h i c k n e s s  and w id th  i n  i n c h e s ,  
c and  3 a r e  the  drawn or  p u l l e d  t h i c k n e s s  and w id th  i n  i n c h e s ,  
E,  f  and g a r e  the  gauge l e n g t h  t h i c k n e s s ,  w id th  an d  l e n g t h  
i n  i n c h e s ,  h i s  the  e x t e n s i o n  i n  cm and ;j th e  l o a d  i n  Kg, and
c o u ld  he a p p l i e d  to  e v e r y  t G n s i l e  t e s t  c a r r i e d  ou t  in  th e  i n ­
v e s t i g a t i o n  e x c e p t  th o s e  on s t r i p s  156 , 157* 173- 177? 1^0 , 181 ,
210,  219? 2 2 7 ? 247,  25 1 ? 262,  27 3 ? 279 and 280 where an
CT-f 2-20462 3 ) (1 + 0-3937 h )
V 2 2 4 0  Ef  ' V g ■
6 = In (1 + 0 -3937  h ) + ln ( a i i )
(31)
(32)
2.where CT.is i n  t o n f / i n  . I n  t h i s  g e n e r a l  fo rm  t h e  programme
a l t e r n a t i v e  d e f i n i t i o n  o f  s t r a i n ^  )+ln (-4 -) j  (3 3 )
was used .
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3*7* D e t e r m i n a t i o n  o f  e x p o n e n t i a l  a p p r o x i m a t i o n s  t o
th e  y i e l d  s t r e s s  c a r v e s  o f  t h e  undrawn m a t e r i a l s *  
The t e c h n i q u e  f o r  f i n d i n g  the  b o s t  e x p o n e n t i a l  e x p r e s s i o n  
o f  the  type  CT= A-Be~a t o  f i t  a number o f  e x p e r i m e n t a l  r e s u l t s  
i s  an i n d u c t i v e  one and p r o c e e d s  a s  f o l l o w s :
1.  E s t i m a t e  th e  v a l u e  o f  A. A i s  th e  v a l u e  the  t r u e  s t r e s s  
t e n d s  t o  a s  £ becomes l a r g e .
2. Plot  l n ( A -  O' ) against i . I f  CT = A -  B 2 Ci then 
In (A -  O' ) = l n B - C £  9 and thus the p lot  of la ( A -  Cf ) 
against  £ w i l l  be a s tra igh t  l ine  i f  the data fo l lo w  the 
exponential  law and i f  A has been co r rec t ly  estimated. I f
th e  d a t a  f o l l o w  th e  e x p o n e n t i a l  law b u t  A has  been i n c o r r e c t l y  
e s t i m a t e d  then  t h e  p l o t  w i l l  be a c u rv e  whose d e g re e  o f  
c u r v a t u r e  i n c r e a s e s  a s  t h e  e s t i m a t e  o f  A becomes i n c r e a s i n g l y  
i n c o r r e c t  and whoso d i r e c t i o n  o f  c u r v a t u r e  depends  on w h e th e r  
th e  e s t i m a t e  o f  A i s  h i g h  o r  low.
3* Thus i n s p e c t i o n  o f  s u c c e s s i v e  p l o t s  of  l n ( A - 0 ) v £ 
a l l o w s  th e  e s t i m a t e  o f  A t o  be made i n c r e a s i n g l y  a c c u r a t e ,  
h* When a v a l u e  of  A h as  been  fo u n d  t h a t  g i v e s  a  p l o t  
which can most c l o s e l y  be r e p r e s e n t e d  by a s t r a i g h t  l i n e ,  t h en  
th e  s lo p e  of t h i s  l i n e  i s  0 and th e  i n t e r c e p t  w i th  t h e  a x i s  
f o r  6 = 0  g i v e s  I* B • The d i s p e r s i o n  o f  t h e  p o i n t s  a ro u n d  
t h i s  b e s t  s t r a i g h t  l i n e  i s  a measure  o f  the  e x t e n t  t o  which 
th e  e x p e r i m e n t a l  d a t a  conform  t o  t h i s  e x p o n e n t i a l  law. Zero 
d i s p e r s i o n  would i n d i c a t e  com ple te  c o n f o r m i ty .
T h i s  t e c h n iq u e  was t im e-c o n su m in g  and t e d i o u s  and so  t h e
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f o l l o w i n g  a p p ro a c h  was a d o p te d  t o  a l l o w  a c o m p u te r -b a se d  
s o l u t i o n .  The. computer  was programmed to  f i n d ,  by th e  l e a s t  
s q u a r e s  m ethod ,  t h e  "best s t r a i g h t  l i n e  e q u a t i o n  t o  r e p r e s e n t  
th e  r e l a t i o n s h i p  "between loge  (A -O ')  and £ f o r  a number, 
u s u a l l y  12- 1 5 * ^ f  v a l u e s  o f  A c o v e r i n g  t h e  r a n g e  i n  which A 
was e x p e c t e d  t o  f a l l .  F o r  e a c h  o f  t h e s e  "best s t r a i g h t  l i n e s ,  
which c o r r e s p o n d  t o  v a l u e s  o f  A,  the  c o r r e l a t i o n  c o e f f i c i e n t  
was c a l c u l a t e d .  Thus f rom i n s p e c t i o n  the  two v a l u e s  o f  A 
be tw een  which the  c o r r e l a t i o n  c o e f f i c i e n t  was g r e a t e s t  were 
fou nd  and th e  programme was r e p e a t e d  w i th  new v a l u e s  o f  A 
f a l l i n g  be tw een  th e s e  two v a l u e s .  T h i s  o p e r a t i o n  was 
r e p e a t e d ,  u s u a l l y  2 or  3 t i m e s ,  u n t i l  th e  v a l u e  o f  A p r o d u c i n g  
t h e  h i g h e s t  c o r r e l a t i o n  c o e f f i c i e n t  had b e e n  f o u n d .  Fo r  t h i s  
v a l u e  of  A th e  v a l u e s  o f  B and C were c a l c u l a t e d .
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3*8. D o t e r m i n a t i o n  o f  th e  r e d u n d a n t - w o r k  f a c t o r *
The r e d u n d a n t - w o r k  f a c t o r  ( 0 a ) i s  i l l u s t r a t e d  i n  P i g .  27* 
I t s  d e t e r m i n a t i o n  was p u t  i n t o  a form s u i t a b l e  f o r  computer  
s o l u t i o n  'by  t h e  t e c h n iq u e  i l l u s t r a t e d  in  P i g .  28. Comparison 
of  P i g s .  27 and 28 shows s l i g h t  d i f f e r e n c e s  i n  t h e  a r e a s  
t h a t  were m easu red .  Each a r e a  i n  P i g .  28 i n c o r r e c t l y  o m its  
one s m a l l  t r i a n g u l a r  a r e a  and i n c l u d e s  a seco n d  s u c h  a r e a .
T h is  was f o r  e a s e  o f  c a l c u l a t i o n  o n ly  and had a n e g l i g i b l e  
a f f e c t  on the  a c c u r a c y  b e c a u se  f i r s t l y ,  t h e s e  r e g i o n s  a r e  
e x t r e m e ly  s m a l l  ( t h e  s lo p e  o f  th e  e l a s t i c  p o r t i o n  o f  the  
s t r e s s - s t r a i n  c u rv e s  i n  P i g .  27 has  been e x a g g e r a t e d  f o r  
c l a r i t y ) ,  an d  s e c o n d ly  th e y  a r e  o f  a p p r o x i m a t e l y  e q u a l  s i z e ,  
and t h u s ,  s i n c e  one has  been i n c l u d e d  and t h e  o t h e r  o m i t t e d ,  
t h e y  t e n d  t o  c a n c e l  e ach  o t h e r  o u t .  The d i s p a r i t y  i n  t h e  
a r e a s  m easured  in  P i g s .  27 and 28 i s  t h u s  t h e  d i f f e r e n c e  
be tw een  two n e a r l y  e q u a l  v e r y  s m a l l  a r e a s .
The o n ly  p r e v i o u s  m easurem ents  of  r e d u n d a n t  work u s i n g  
th e  e q u i v a l e n t - s t r a i n  t e c h n i q u e  t h a t  have been  r e p o r t e d  have 
m easured  the  r e d u n d a n t - w o r k  f a c t o r  0  b a s e d  on th e  e q u i v a l e n t  
s t r a i n  and  d e f i n e d  i n  P i g .  27* More a c c u r a t e l y  the  r e d u n d a n t -  
work f a c t o r  0/\  sho u ld  be b a s e d  on the  a r e a  under  th e  c u r v e s  
a s  i l l u s t r a t e d  in  P i g .  27. P o r  an i d e a l i s e d  m a t e r i a l  w i t h  a 
z e r ^ tv  dji w o r k -h a rd e n in g  r a t e  0 - 0 ^ .  R e a l  m a t e r i a l s  have f i n i t e  
w o r k - h a r d e n in g  r a t e s  t h a t  d e c r e a s e  w i t h  s t r a i n  and f o r  t h e s e  
0  0  0h  . To examine 'the e x t e n t  t o  which 0  d i f f e r s  f ro m  0 f\ 
f o r  r e a l  m a t e r i a l s  b o t h  t h e s e  f a c t o r s  and
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t h e  p e r c e n t a g e  d i f f e r e n c e  b e t w e e n  t h e m  were c a l c u l a t e d .
One o f  the  a s s u m p t io n s  made i n  t h e o r e t i c a l  p r e d i c t i o n s  
o f  r e d u n d a n t  work i s  t h a t  th e  m a t e r i a l  i s  an i d e a l  one showing 
p e r f e c t l y  r ig id '  ' b e h a v i o u r  up t o  i t s  y i e l d  p o i n t .  T h i s  has  
t h e  same e f f e c t  on th e  s t r e s s - s t r a i n  c u rv e  a s  a ssum ing  t h e  
m a t e r i a l  t o  p o s s e s s  an i n f i n i t e  Young’ s Modulus a s  i l l u s ­
t r a t e d  i n  F i g .  2 9 ( b ) .  R e a l  m a t e r i a l s  have a f i n i t e  Young’ s 
Modulus,  a s  in  F ig .  2 9 ( a ) ,  b u t  th e  e r r o r  i n t r o d u c e d  by  t h i s  
a s s u m p t io n  i n t o  c a l c u l a t i o n s  o f  r e d u n d a n t  work i s  g e n e r a l l y  
c o n s i d e r e d  t o  be n e g l i g i b l e ,  s i n c e  t h e  work o f  e l a s t i c  
d e f o r m a t i o n  i s  v e ry  s m a l l  compared w i th  t h a t  of  p l a s t i c  
d e f o r m a t i o n  e x c e p t  f o r  v e r y  sm a l l  s t r a i n s .  Whether  o r  n o t  
t h i s  i s  t h e  case  c o u ld  v e r y  e a s i l y  be ch ec k ed  w h i le  t h e  
r e d u n d a n t  work was b e i n g  d e te r m in e d  and t h i s  was c a r r i e d  o u t .  
The a p p r o x i m a t i o n  (X/0 t o  0a r e s u l t i n g  f rom  th e  a s s u m p t io n  
of  p e r f e c t  r i g id i t y  , shown in  F i g .  2 9 ( b ) ,  was c a l c u l a t e d  
f o r  t h o s e  c o n d i t i o n s  f o r  which 0a  was c a l c u l a t e d  and th e  
e r r o r  i n t r o d u c e d  by th e  a s su m p t io n  was t h e n  a s s e s s e d  a s  the  
p e r c e n t a g e  d i f f e r e n c e  be tw een  0/> and X/\ •
A computer  was programmed to  c a r r y  ou t  t h e  f o l l o w i n g  
s t e p s  f o r  e a c h  drawn s t r i p ,  g iv e n  th e  b e s t  e x p o n e n t i a l  
a p p r o x i m a t i o n  to  the  y i e l d  s t r e s s  c u rv e  o f  th e  undrawn 
m a t e r i a l  d e te rm in e d  a s  d e s c r i b e d  in  s e c t i o n  3 - 7 ,  and  g i v e n  
th e  t r u e  s t r a i n  ( S ) undergone  i n  d ra w in g  and th e  d e f i n e d  
y i e l d  p o i n t  o f  the  drawn s t r i p  ( P j f t  ) i l l u s t r a t e d  i n  F i g .  2 8 : -
1. C a l c u l a t e  £ when Of = f
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2. C a l c u l a t e  T  = + S -  P
3* C a l c u l a t e  S  = O'when 6=0
C a l c u l a t e  A = CT when 6 = S 
3* C a l c u l a t e  ^ =  O' when 6 = 7 '
p
6. C a l c u l a t e  /t'= = Young’ s Modulus f o r  drawn
r* <>
s t r i p .
7» C a l c u l a t e  ^ r e a  1 = a r e a  u n d e r  c u rv e  "between 6 = 0  and 6=  £
8. C a l c u l a t e  i»rea 2 = a r e a  u n d e r  cu rve  be tw een  6  = 0 and 6 - 7 '
9.- C a l c u l a t e  i i r e a  3 * a r e a  u n d e r  cu rv e  between 6 = 0  and 6 =  V
C a l c u l a t e  .area  5
12. C a l c u l a t e  0  =
14* C a l c u l a t e
15» C a l c u l a t e  100( -X/») I 0/\
16. C a l c u l a t e  1 0 0 ( 0 ^ - 0 ) /  04
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k* R e s u l t s *
U*1. Undrawn m a t e r i a l .
The d im e n s io n s  o f  th e  p a r a l l e l  p o r t i o n s  o f  t h e  t e n s i l e  
t e s t  p i o o o s  o b t a i n e d  from the  undrawn s t r i p s  a r e  g i v e n  in  
T ab le  8 ,  where e ach  q u o ted  v a lu e  i s  t h e  a v e ra g e  o f  t h r e e  • 
m easu rem en ts  t a k e n  a lo n g  the  gauge l e n g t h ,  F o r  a l l  t e n s i l e  
t e s t s  on t h e  undrawn m a t e r i a l s  an e x t e n s o m e t e r  w i t h  a  1” 
gauge l e n g t h  was u s e d ,  s e t  to  g iv e  a  s t r a i n  m a g n i f i c a t i o n  o f  
x500 .  The l o a d - e x t e n s i o n  r e c o r d i n g s  o b t a i n e d  a r e  r e p r o d u c e d  
i n  F i g s .  30-U^* F u l l - s c a l e  d e f l e c t i o n  l o a d  was 3>000 kg.
The l o a d - e x t e n s i o n  p l o t s  were c o n v e r t e d  to  t r u e  s t r e s s  
and  t r u e  s t r a i n  by  t h e  method o u t l i n e d  i n  s e c t i o n  3*6 .  The 
l o a d - e x t e n s i o n  p o i n t s  c h o sen ,  and th e  c o r r e s p o n d i n g  t r u e  
s t r e s s  and t r u e  s t r a i n  v a l u e s  c a l c u l a t e d ,  a r e  shown i n  
T a b le  9* From th e  d a t a  i n  Table  9 th e  t r u e  s t r e s s - t r u e  s t r a i n  
c u r v e s  were c o n s t r u c t e d .  These a r e  shown i n  F i g s .  i45-60 
t o g e t h e r  w i th  the  b e s t  e x p o n e n t i a l  a p p r o x i m a t i o n s  t o  t h e  
y i e l d - s t r e s s  c u r v e s  ( d a s h e d  l i n e s )  d e t e r m i n e d  i n  t h e  manner 
d e s c r i b e d  i n  s e c t i o n  3*7* For  t h i s  d e t e r m i n a t i o n  a  p o i n t  was 
t a k e n  from  e ac h  t r u e  s t r e s s - t r u e  s t r a i n  c u rv e .  A l l  p o i n t s  
on th e  u n i fo rm  h a r d e n i n g  r e g i o n  would be e q u a l l y  s a t i s f a c t o r y  
f o r  t h i s  p u rpose  b u t  t h e  p o i n t  n e a r e s t  t o  th e  d e f i n e d  y i e l d  
p o i n t  was u s u a l l y  t a k e n  s i n c e  the  d e f i n e d  y i e l d  p o i n t  o f  the  
drawn s t r i p  was used  l a t e r  in  c o n j u n c t i o n  w i th  th e  y i e l d -  
s t r e s s  curve  to  d e t e r m i n e  the r e d u n d a n t  work. The p o i n t s  
c h o sen  a r e  r e c o r d e d  i n  T able  10,  and  t h e  v a l u e s  o f  t h e
c o n s t a n t s  A,  B and C so  d e te r m in e d  a r e  g iv e n  i n  T a b le  11 
t o g e t h e r  w i th  the  v a l u e s  o f  the  c o r r e l a t i o n  c o e f f i c i e n t  
b e tw ee n  loge  (A-O ')  and  £ .
A lso  shown in  F i g .  k5  i s  th e  b e s t  power law a p p r o x i m a t i o n  
t o  th e  y i e l d  s t r e s s  c u rv e  ( d a s h - d o t t e d  l i n e )  f o r  m a t e r i a l  1.
The r e s u l t s  o f  t h e  s t r a i n - a g e i n g  i n v e s t i g a t i o n  c a r r i e d  
o u t  on th e  m ild  s t e e l  a r e  g iven  i n  F i g .  61.
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4 *2 .  Drawn m a t e r i a l .
The r e l e v a n t  d e t a i l s  o f  t h e  d raw in g  p r o c e s s  a r e  g iv e n  
i n  T a b le  12, where the  s t r i p s  a r e  i d e n t i f i e d  by  th e  numbers 
o f  th e  t e n s i l e  t e s t s  s u b s e q u e n t l y  c a r r i e d  o u t  on them. Each 
d im en s io n  i n  T able  12 i s  t h e  a v e r a g e  v a lu e  o f  a t  l e a s t  f i v e  
m easu rem en ts .  The d im e n s io n s  o f  the  p a r a l l e l  p o r t i o n  o f  t h e  
t e n s i l e  t e s t  p i e c e s  o b t a i n e d  f ro m  th e  drawn s t r i p s  a r e  g i v e n  
i n  T ab le  13 where each  q u o te d  d im ens ion  i s  t h e  a v e r a g e  o f  a t  
l e a s t  t h r e e  m easu rem en ts .  The l o a d - e x t e n s i o n  r e c o r d i n g s  
o b t a i n e d  a r e  r e p r o d u c e d  i n  F i g s .  62-79-  F o r  a l l  t h o s e  t e s t s  
t h e  f u l l - s c a l e  d e f l e c t i o n  l o a d  was 3*000 kg. Fo r  t e s t s  178* 
180, 181, 183,  188 and 189 an e x te n s o m e te r  w i t h  a 2 n gauge 
l e n g t h  g i v i n g  a s t r a i n  m a g n i f i c a t i o n  o f  x100 was u se d .  F o r  
a l l  o t h e r  t e s t s  an e x t e n s o m e t e r  w i t h  a 1" gauge l e n g t h  was 
employed g i v i n g  a s t r a i n  m a g n i f i c a t i o n  of  x 500 .
Tho l o a d - e x t e n s i o n  p l o t s  o b t a i n e d  were c o n v e r t e d  to  
t r u e  s t r e s s  and  t r u e  s t r a i n  by  th e  method o u t l i n e d  i n  s e c t i o n  
3 . 6 .  The l o a d - e x t e n s i o n  p o i n t s  chosen and t h e  c o r r e s p o n d i n g  
t r u e  s t r e s s - t r u e  s t r a i n  v a l u e s  c a l c u l a t e d  a r e  r e c o r d e d  i n  
T a b le  14- From t h i s  d a t a  t h e  t r u e  s t r e s s - t r u e  s t r a i n  c u r v e s  
were c o n s t r u c t e d  and t h e s e  a r e  shown in  F i g s .  80-94* F o r  
e a c h  o f  t h e s e  c u r v e s  the  d e f i n e d  y i e l d  p o i n t  was d e t e r m i n e d  
by  th e  t e c h n i q u e  e x p l a i n e d  i n  s e c t i o n  3*5* and i l l u s t r a t e d  
i n  F i g .  26.  The d e f i n e d  y i e l d  p o i n t s  t h u s  o b t a i n e d  a r e  
g i v e n  i n  T a b le  15*
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^*3.  Redundant-work:  f a c t o r s .
From the  d e f i n e d  y i e l d  p o i n t s  o f  th e  drawn s t r i p  and th e
a n a l y t i c a l  e x p r e s s i o n s  f o r  t h e  y i e l d  s t r e s s  c u r v e s  o f  th e
undrawn s t r i p  tho r e d u n d a n t - w o r k  f a c t o r s  ( 0 a ) were c a l c u l a t e d
a s  e x p l a i n e d  in  s e c t i o n  3*8* They a r e  g iv en  in  T a b le  15?
t o g e t h e r  w i th  Xa , t h e  e s t i m a t e  o f  t h e  r e d u n d a n t - w o r k  f a c t o r
a r r i v e d  a t  by  a ssu m in g  p e r f e c t  r i g i d i t y ,  and the  p e r c e n t a g e
d i f f e r e n c e  i n t r o d u c e d  by  t h i s  a s s u m p t io n  d e f i n e d  by  100(0a - X a)
0 a
The v a l u e s  o f  the  e s t i m a t e s  o f  0a b a s e d  on t h e  e q u i v a l e n t  
s t r a i n  ( 0  ) a r e  g i v e n  in  Table  16 t o g e t h e r  w i th  t h e  p e r c e n t a g e  
d i f f e r e n c e  be tween 0  and 0 a .
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5* D i s c u s s i o n  of* r e s u l t s *
5 •1• The a s s u m p t io n  t h a t  th e  e f f e c t s  o f  e l a s t i c  
s t r a i n s  a r e  n e g l i g i b l e -.
One o f  th e  a s s u m p t io n s  made i n  th e  t h e o r e t i c a l  
p r e d i c t i o n s  o f  r e d u n d a n t  work i s  t h a t  th e  m a t e r i a l  i s  an 
i d e a l  one showing p e r f e c t l y  r i g i d  ‘b e h a v io u r  up t o  i t s  y i e l d  
p o i n t .  T h i s  has  t h e  same e f f e c t  on the  s t r o s s - s t r a i n  cu rv e  
a s  a ssu m in g  the  m a t e r i a l  t o  p o s s e s s  an i n f i n i t e  Young’ s 
modulus and i s  i l l u s t r a t e d  in  F i g .  29(D)* R e a l  m a t e r i a l s  
have a f i n i t e  Young’ s modulus ,  a s  in  F i g .  2 9 ( a ) ,  b u t  t h e  
e r r o r  i n t r o d u c e d  by  t h i s  a s su m p t io n  i n t o  c a l c u l a t i o n s  o f  
r e d u n d a n t  work i s  g e n e r a l l y  c o n s i d e r e d  t o  be n e g l i g i b l e ,  
s i n c e  th e  work o f  e l a s t i c  d e fo r m a t io n  i s  v e ry  sm a l l  compared  
t o  t h a t  o f  p l a s t i c  d e f o r m a t i o n  e x c e p t  f o r  v e r y  s m a l l  s t r a i n s .  
However a t  s m a l l  s t r a i n s  t h e  r e d u n d a n t - w o r k  f a c t o r s  a r e  l a r g e  
and c o n s e q u e n t ly  the  e f f e c t s  o f  o t h e r  v a r i a b l e s  may b e  most 
e a s i l y  s t u d i e d .  I t  i s  t h u s  i m p o r t a n t  to  know t h e  lowest-  s t r a i n  
a t  which i t  i s  p o s s i b l e  t o  c a r r y  ou t  i n v e s t i g a t i o n s  w i t h o u t  
t h e  e r r o r  i n t r o d u c e d  by  t h i s  a s s u m p t io n  c e a s i n g  t o  be  
n e g l i g i b l e .  T h is  may be p a r t i c u l a r l y  i m p o r t a n t  when th e  
f a c t  t h a t  low s t r a i n s  a r e  in v o lv e d  may be  o b sc u re d  b y  t h e  
use  o f  a combined g e o m e t r i c a l  p a r a m e t e r  f o r  r e d u c t i o n  and  d i e  
a n g l e .
Because  o f  the  t e c h n i q u e  a d o p te d  i n  t h i s  i n v e s t i g a t i o n  
f o r  m e a s u r in g  th e  r e d u n d a n t - w o r k  f a c t o r  ( s e c t i o n  3*5)?  th e  
a s s u m p t io n  o f  n e g l i g i b l e  e f f e c t  o f  e l a s t i c  d e f o r m a t i o n  d i d
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not  have t o  “be made. However, the  r e s u l t s  f rom  t h e  p r e s e n t  
i n v e s t i g a t i o n  a re  compared i n  s e c t i o n s  5*8 and 5*9 w i th  
t h e o r e t i c a l  p r e d i c t i o n s  and e x p e r i m e n t a l  d e t e r m i n a t i o n s  of  
&f\ i n  which th e  a s s u m p t io n  has  b een  invoked* A c c o r d i n g l y ,  
a s  d e s c r i b e d  i n  s e c t i o n  3*8 ,  t h e  a p p r o x i m a t i o n  t o  04  
r e s u l t i n g  f rom  making t h e  a s su m p t io n  ( X a  ) was c a l c u l a t e d  
f o r  th e  draws in  t h i s  i n v e s t i g a t i o n  and  t h e  e r r o r  t h u s  
i n t r o d u c e d  was a s s e s s e d  a s  th e  p e r c e n t a g e  d i f f e r e n c e  be tw een  
0a and  X a  . T h i s  d a t a  i s  g iv e n  i n  T ab le  15 where i t  can 
be s e en  t h a t  the  a s s u m p t io n  c a u s e d  0a t o  be c o n s i s t e n t l y  
o v e r e s t i m a t e d .  The e x t e n t  o f  the  o v e r e s t i m a t i o n  i s  s m a l l  
however ,  and f o r  most m a t e r i a l s  over  most o f  tho s t r a i n  range  
th e  e f f e c t  can be n e g l e c t e d  compared w i th  t h e  e x p e r i m e n t a l  
s c a t t e r  which was fo u n d  to  be a b o u t  ± 5% i n  t h i s  i n v e s t i g a t i o n  
( s e c t i o n  5»k)»  F o r  low s t r a i n s  however th e  o v e r e s t i m a t i o n  
becomes i n c r e a s i n g l y  l a r g e ,  f o r  example  8*9% f o r  m a t e r i a l  7 
drawn to  a t r u e  s t r a i n  o f  0 .0182  t h r o u g h  the 5° die*
Moreover  the* e r r o r  i n  measurement  o f  r e d u c t i o n  becomes l a r g e  
f o r  s m a l l  s t r a i n s  ( s e c t i o n  5*"10 . 2 )  and so b o t h  t h e o r e t i c a l  
p r e d i c t i o n s  and e x p e r i m e n t a l  r e s u l t s  f o r  v e r y  low s t r a i n s  
s h o u l d  be t r e a t e d  w i t h  c a u t i o n .
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5*2. D e f i n i t i o n  o f  the  r e d u n d a n t - w o r k  f a c t o r .
The o n ly  r e p o r t e d  m easurements  o f  r ed u n d a n t  work in  
d ra w in g  u s in g  th e  e q u i v a l e n t - s t r a i n  t e c h n iq u e  used  t h e  
r e d u n d a n t - w o r k  f a c t o r  0  a s  d e f i n e d  i n  Fig* 27* 04 i s  b a s e d  
on the  a r e a s  under  th e  t r u e  s t r e s s  -  t r u e  s t r a i n  c u rv e  which 
a r e  n u m e r i c a l l y  e q u a l  to  th e  work done .  I t  i s  t h u s  i n  the  
t r u e  s e n se  a work f a c t o r  whereas  0  i s  a s t r a i n  f a c t o r .  
T h e o r e t i c a l  p r e d i c t i o n s  o f  r e d u n d a n t  work a r e  b a s e d  on an 
i d e a l  non-work h a r d e n i n g  m a t e r i a l  f o r  which 0  = 0a  • Even 
f o r  m a t e r i a l s  w i th  c o n s t a n t  w o r k - h a r d e n in g  r a t e s  0  ^  0 a • 
However, f o r  th e  r e a l  m a t e r i a l s  used  i n  t h i s  i n v e s t i g a t i o n  0  
i s  o f t e n  v e r y  much l e s s  t h a n  0 a  * N e i t h e r  can be s a i d  to  bo 
i n c o r r e c t  s i n c e  t h e y  a r e  d i f f e r e n t  p a r a m e t e r s !  However 0 a  
h a s  more f u n d a m e n ta l  s i g n i f i c a n c e  s i n c e  th o  r a t i o  o f  t h e  work 
done i s  the  r a t i o  o f  the  d raw in g  s t r e s s ,  and i t  i s  f o r  the  
p r e d i c t i o n  of  working s t r e s s e s  t h a t  a knowledge of  the 
r e d u n d a n t - w o r k  f a c t o r  w i l l  m o s t ly  be r e q u i r e d .  When th e  
r e d u n d a n t - w o r k  f a c t o r  i s  r e q u i r e d  to  p r e d i c t  the  amount o f  
work h a r d e n i n g  undergone  i n  a  p a r t i c u l a r  d raw in g  r e d u c t i o n ,  
t h e n  t h i s  i n f o r m a t i o n  can  be o b t a i n e d  d i r e c t l y  f rom  0  and 
t h e  y i e l d  s t r e s s  c u r v e .  However t h e  same i n f o r m a t i o n  can be 
o b t a i n e d  f rom  0a a l b e i t  l e a s  d i r e c t l y .  A c c o r d i n g l y  i n  
t h i s  i n v e s t i g a t i o n  t h e  r e d u n d a n t -w o rk  f a c t o r  was t a k e n  t o  
be 0a
T ab le  16 shows the  d i f f e r e n c e  b e tw een  0  and  0 a f o r  
t h e  m a t e r i a l s  u sed  i n  t h i s  i n v e s t i g a t i o n .  ..
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I t  can  be shown t h a t  — wher e  i s
0 Ye
t h e  mean v a lu e  o f  t h e  y i e l d  s t r e n g t h  up t o  t h e  e q u i v a l e n t  
s t r a i n  and i s  i t s  mean v a l u e  up t o  the  a c t u a l  s t r a i n .
Thus t h e  d i f f e r e n c e  be tw een  0a and 0  w i l l  become g r e a t e r  
w i t h  i n c r e a s e  i n  0  and work h a r d e n i n g  r a t e  and  w i t h  d e c r e a s e  
i n  i n i t i a l  y i e l d  s t r e n g t h .  T h i s  b e h a v i o u r  i s  i l l u s t r a t e d  i n  
T a b le  16. The d i f f e r e n c e s  b e tw een  0a and 0  i n c r e a s e  w i th  
i n c r e a s e  in  0  and th e y  a r e  g r e a t e s t  f o r  the  s o f t  cop p er  
which has  the  l o w e s t  i n i t i a l  y i e l d  s t r e n g t h  ( F i g .  11) and 
l e a s t  f o r  t h e  m i l d  s t e e l  which h as  th e  h i g h e s t  i n i t i a l  y i e l d  
s t r e n g t h .  I n  m ag n i tu de  th e  d i f f e r e n c e s  a r e  se ldom  n e g l i g i b l e *  
F o r  example ,  w i th  the  a n n e a l e d  c o p p e r  0a would have been  
u n d e r e s t i m a t e d  by  a lm o s t  3®?° i n  some c a s e s  b y  the  u se  o f  0  .
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5*3* The, assumption of p lane-s tra in  co n d it io n s*
For s t r i p  d raw ing  i t  i s  g e n e r a l l y  a c c e p t e d  t h a t ,  
p r o v i d e d  the  s t r i p  w id th  i s  l a r g e  ( g r e a t e r  by a f a c t o r  o f  a t  
l e a s t  5) compared w i th  i t s  i n i t i a l  t h i c k n e s s  and w i t h  th e  
l e n g t h  o f  the  c o n t a c t - z o n e  ‘be tween s t r i p  and d i e ,  t h e n  th e  
r i g i d  n o n -d e fo rm in g  m a t e r i a l  c l o s e  to  th e  d e fo rm in g  r e g i o n  
p r e v e n t s  l a t e r a l  e x p a n s io n  o f  th e  s t r i p ,  e x c e p t  n e a r  t o  the  
e d g e s ,  and the  c o n d i t i o n s  a p p ro x im a te  t o  t h o s e  o f  p l a n e -  
s t r a i n .  F o r  t h i s '  i n v e s t i g a t i o n  a w id th  t o  t h i c k n e s s  r a t i o  o f  
a t  l e a s t  8:1 was u se d  t o  e n su re  a c l o s e  a p p r o x i m a t i o n  to  
p l a n e - s t r a i n  c o n d i t i o n s .
I t  seemed p r u d e n t  to  check  th e  c l o s e n e s s  o f  t h i s  
a p p r o x i m a t i o n .  T h i s  was a c h i e v e d  by  m ea su r in g  the  s t r i p  
w id th  b e f o r e  and a f t e r  d raw ing .  The r a t i o  o f  drawn w id th  t o  
i n i t i a l  w id th  was c a l c u l a t e d  and i s  g iv e n  in  T ab le  12B. I t  
can be seen  t h a t  t h e  c o n d i t i o n s  were g e n e r a l l y  v e r y  c l o s e  to  
t h o s e  o f  p la n e  s t r a i n .  E xce p t  when d raw ing  t h r o u g h  th e  2° 
d i e ,  the d i v e r g e n c e  f ro m  p l a n e - s t r a i n  c o n d i t i o n s  was a lw ays  
l e s s  th an  1.1% and u s u a l l y  c o n s i d e r a b l y  l e s s *  F o r  d ra w in g
c*
t h r o u g h  th e  2 Die d i v e r g e n c e s  up t o  b*3% were r e c o r d e d .
Thus  f o r  t h i s  a n g le  the  com par ison  o f  r e s u l t s  f ro m  t h i s  i n ­
v e s t i g a t i o n  w i t h  t h o s e  f rom t h e o r e t i c a l  p r e d i c t i o n s  b a s e d  on 
p l a n e - s t r a i n  c o n d i t i o n s  can o n ly  be made w i t h  r e s e r v a t i o n s .
Both  the n a t u r e  and th e  m ag n i tu de  o f  th e  d i v e r g e n c e  f rom  
p l a n e - s t r a i n  c o n d i t i o n s  were fo u n d  t o  v a r y  w i th  r e d u c t i o n  and 
d i e  a n g le .  T y p i c a l  c u r v e s  a r e  shown in  F i g s .  95 a n d  96* A l l
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t h e  m a t e r i a l s  b e h av e d  i n  a s i m i l a r  manner,  a s  shown in  F i g .
96,  w i t h  some d i f f e r e n c e s  i n  m ag n i tu d e  between them. Under
c o m p re s s io n ,  a s  i n  i n d e n t a t i o n ,  any  change i n  w i d t h  would be
an i n c r e a s e  w hereas  t e n s i o n ,  a s  i n  s t r e t c h i n g ,  would l e a d  to
w i d t h  d e c r e a s e .  I n  d raw in g  t h e r e  i s  a c o m b in a t io n  o f
t e n s i o n  and c o m p re s s io n  f rom  th e  d i e .  F o r  a g iv e n  r e d u c t i o n
a s m a l l e r  d i e  a n g l e  w i l l  e n t a i l  a l a r g e r  c o m p re s s iv e  e le m e n t
a s  the  c o n t a c t  a r e a  be tween  s t r i p  and d i e  i n c r e a s e s  and  a s
th e  d i r e c t i o n  o f  the  d i e  r e a c t i o n  becomes more n e a r l y  normal
to  the  s t r i p  a s  i n  i n d e n t a t i o n .  Thus one would e x p e c t  th e
w id th  r a t i o  t o  be g r e a t e r  w i t h  lo w e r  d i e  a n g l e s  a s  shown i n
F i g .  95* The r e a s o n  f o r  the  shape  of  t h e s e  c u r v e s  i s  no t
im m e d ia te ly  o b v io u s .  A p o s s i b l e  e x p l a n a t i o n  i s  a d v an c ed
below b u t  i t s  s p e c u l a t i v e  n a t u r e  n eed s  t o  be s t r e s s e d ,
(36)
e s p e c i a l l y  a s  L a n c a s t e r  ha s  p ro d u c e d  s i m i l a r  p l o t s  t h a t  
show the  o p p o s i t e  c u r v a t u r e  and one o f  h i s  p l o t s  i s  f o r  t h e  
same w i d t h : t h i e k n e s s  r a t i o  ( 8 : 1 )  a s  t h a t  f o r  t h e  p r e s e n t  
work. F o r  s m a l l  d raw ing  r e d u c t i o n s  the  a r e a  o f  c o n t a c t  
b e tw ee n  s t r i p  and  d i e ,  ove r  which th e  d i e  p r e s s u r e  a c t s ,  i s  
s m a l l  compared w i th  the  c r o s s - s e c t i o n a l  a r e a  o f  t h e  s t r i p  
o v e r  which the  t e n s i l e  d raw ing  s t r e s s  a c t s .  The s t r e s s  s t a t e  
i s  t h u s  p r e d o m i n a n t l y  t e n s i l e  an d  w id th  d e c r e a s e s  r e s u l t .  As 
t h e  r e d u c t i o n  g e t s  l a r g e r ,  however ,  the  a r e a  over  which  the  
d i e  p r e s s u r e  a c t s  i n c r e a s e s ,  and t h e  e x i t  end o f  t h e  
d e f o r m a t i o n  zone becomes more rem ote  f ro m  the  b u l k  o f  th e  
d e f o r m a t i o n  zone.  Thus the  c o m p re s s iv e  c o n t r i b u t i o n  o f  th e
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d i e  p r e s s u r e  t o  the  s t r e s s  sy s te m  becomes i n c r e a s i n g l y  
i m p o r t a n t  w i th  i t s  c o n c o m i ta n t  t e n d e n c y  t o  w id th  i n c r e a s e .  
Thus  th e  w id th  d e c r e a s e  i s  r e v e r s e d  and a t  h ig h  r e d u c t i o n s  
an o v e r a l l  w id th  i n c r e a s e  may even  r e s u l t  a s  i s  f o u n d  w i th  
th e  low d i e  a n g l e s .  I n  s t r i p  d ra w in g  t h e r e f o r e  t h e r e  
a p p e a r s  t o  be an i n h e r e n t  t e n d e n c y  tow ards  p l a n e - s t r a i n  
c o n d i t i o n s  a r i s i n g  f ro m  th e  b a l a n c e  between th e  t e n s i l e  and 
c o m p re s s iv e  e l e m e n t s  i n  the  s t r e s s  sy s te m  o p e r a t i n g .  The 
r e s t r a i n i n g  e f f e c t  o f  the  r i g i d  m a t e r i a l  a d j a c e n t  to  t h e  
d i e  w i l l  bo a s e c o n d a r y  e f f e c t  i n  d raw ing .
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R e p r o d u c i b i l i t y  o f  r e s u l t s # 
iin i n d i c a t i o n  o f  the  r e p r o d u c i b i l i t y  o f  t h e  r e d u n d a n t -  
work f a c t o r s  m easu red  by th e  t e c h n iq u e  d e v e lo p e d  i n  t h i s  
i n v e s t i g a t i o n  i s  g iv e n  by Fig* 97 i n  which 0/\ i s  p l o t t e d  
a g a i n s t  t r u e  s t r a i n  f o r  m a t e r i a l s  1 and 2 .  These  a r e  two 
b a t c h e s  o f  th e  same m a t e r i a l  t h a t  have been  t r e a t e d  t h r o u g h ­
o u t  t h i s  i n v e s t i g a t i o n  a s  d i f f e r e n t  m a t e r i a l s  t o  p r o v i d e  t h i s  
i n d i c a t i o n .  The b e s t  l i n e  t h r o u g h  th e  r e s u l t s  i n  F i g .  97 h as  
b e e n  drawn f o r  e a c h  d i e  a n g le  t o g e t h e r  w i th  the  s c a t t e r  band 
r e p r e s e n t i n g  1 5 % of  the  v a lu e  o f  0 a p r e d i c t e d  by  th e  b e s t  
l i n e .  Only 2 o f  th e  22 r e s u l t s  l i e  o u t s i d e  th e s e  s c a t t e r  
b a n d s  and t h e s e  r e s u l t s  a r e  t y p i c a l  o f  t h o s e  fou n d  i n  t h i s  
i n v e s t i g a t i o n .  Thus ±5% a p p e a r s  to  be a r e a s o n a b l e  
r e p r e s e n t a t i o n  o f  t h e  e x p e r i m e n t a l  s c a t t e r  a b o u t  t h e  m easu red  
v a l u e s  o f  0a . W i t h i n  t h e  ±3% s c a t t e r  t h e r e  a p p e a r s  t o  be 
no s i g n i f i c a n t  d i f f e r e n c e  between t h e  r e s u l t s  on m a t e r i a l s  1 
and  2 ,  which s u g g e s t s  t h a t  the  t e c h n i q u e  d e v e lo p e d  i n  t h i s  
i n v e s t i g a t i o n ,  i s  c a p a b l e  o f  c o n s i s t e n t l y  r e p r o d u c i n g  m easu re ­
m en ts  of  th e  r e d u n d a n t - w o r k  f a c t o r  t o  w i t h in  t 5%.
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5*5- The e f f e c t s  o f  d raw ing  c o n d i t i o n s .
The e f f e c t  o f  v a r i a t i o n  i n  the  f r i c t i o n  c o n d i t i o n s  i s  
shown i n  F i g .  98 . No s i g n i f i c a n t  d i f f e r e n c e  i n  0 a was fou n d  
b e tw ee n  the l u b r i c a t e d  and u n l u b r i c a t e d  s t r i p .  I f  t h e r e  i s  
an e f f e c t  i t  i s  s m a l l  enough t o  have been  masked i n  t h i s  work 
by  th e  e x p e r i m e n t a l  s c a t t e r .  I t  i s  c e r t a i n l y  s m a l l  compared 
t o  t h e  e f f e c t  o f  th e  g eo m e try  of  the  d e f o r m a t io n  zo n e .  F o r  
t h e  15° d ie  in  F i g .  98 t h e r e  i s  a  t e n d e n c y  f o r  the  r e s u l t s  
f r o m  th e  u n l u b r i c a t e d  s t r i p  t o  l i e  n e a r e r  t o  the  t o p  o f  the 
s c a t t e r  band .  T h i s  i s ,  however,  most  p r o b a b l y  f o r t u i t o u s  
s i n c e  th e  e f f e c t  o f  f r i c t i o n  on r e d u n d a n t  work r e p o r t e d  by 
W i s t r e i c h  i s  i n  th e  o p p o s i t e  s e n s e ,  t h a t  i s  th e  g r e a t e r  the  
f r i c t i o n  th e  l e s s  the  r e d u n d a n t  work. S i m i l a r l y  NO 
s i g n i f i c a n t  e f f e c t s  c o u ld  be d e t e c t e d  on c h an g in g  t h e  d raw in g  
sp e e d  and on c o o l i n g  t h e  s t r i p .  However, too few e x p e r i m e n t a l  
r e s u l t s  were o b t a i n e d  t o  a l l o w  s a t i s f a c t o r y  c o n c l u s i o n s  to  be 
drawn.
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5*6. The e f f e c t s  o f  d i e  a n g l e  and r e d u c t i o n *
The e f f e c t s  o f  d i e  a n g le  and  r e d u c t i o n  on 0* a r e  shown
i n  P i g s .  95-107* where the  r e d u n d a n t - w o r k  f a c t o r  i s  found  t o
i n c r e a s e  a s  the  d i e  a n g le  i n c r e a s e s  and a s  the  d raw in g  s t r a i n
d e c r e a s e s .  T h i s  g e n e r a l  b e h a v i o u r  was a s  e x p e c t e d .  I t  i s  i n
agreem ent  b o t h  w i th  th e  t h e o r e t i c a l  p r e d i c t i o n s  f o r  p l a n e -
( 12 ) ( 21 )
s t r a i n  c o n d i t i o n s  and w i t h  t h e  e x p e r i m e n t a l  r e s u l t s
( 1 0 ) ( 1 5 ) ( 16)
f o r  a x i a l l y  sym m etr ic  d raw ing .  F o r  e ac h  m a t e r i a l
th e  c u r v e s  a r e  c o n s i s t e n t  and  r e a s o n a b l e .  However d i f f e r e n c e s  
i n  t h e  m agn i tude  o f  0^ a r e  e v i d e n t  be tween m a t e r i a l s .
.Anomalous r e s u l t s  were o b t a i n e d  f rom  some o f  the  s t r i p s  
drawn th r o u g h  th e  2° d i e i  T h i s  can  p r o b a b l y  b e  a t t r i b u t e d  
t o  the  f a c t  t h a t  on drawing t h r o u g h  th e  2° d i e  a p p r e c i a b l e  
d e p a r t u r e  f ro m  p l a n e - s t r a i n  c o n d i t i o n s  o c c u r r e d  a s  has  been  
d i s c u s s e d  in  s e c t i o n  5«3* W idth  e x p a n s io n s  up t o  h'*3% were 
o b t a i n e d  and t h e s e  w i l l  have e n t a i l e d  r e v e r s e d  s h e a r i n g  
o c c u r r i n g  i n  the  p l a n e  o f  the  s t r i p  in  a d d i t i o n  t o  t h a t  
o c c u r r i n g  i n  t h e  p l a n e  normal t o  the  s t r i p .  F o r  a l l  d i e  
a n g l e s  o t h e r  t h a n  th e  2 °  d i e  th e  d e p a r t u r e  f r o m  p l a n e - s t r a i n  
c o n d i t i o n s  was a lw ays  l e s s  th an  1.1% and u s u a l l y  c o n s i d e r a b l y  
l e s s .
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5 *7 . The e f f e c t  o f  m a t e r i a l  p r o p e r t i e s *
The e f f e c t  o f  m a t e r i a l  p r o p e r t i e s  i s  "best seen  by  r e ­
p l o t t i n g  t h e  i n f o r m a t i o n  i n  F i g s .  99-107 so t h a t  one d i e  
a n g le  i s  c o n s i d e r e d  a t  a t im e .  T h i s  i s  dono i n  F i g s .  1 08 -112 .  
Large  d i f f e r e n c e s  a r e  a p p a r e n t  in  the  m a g n i tu d e  o f  th e  
r e d u n d a n t - w o r k  f a c t o r  o v e r  th e  r an ge  o f  m a t e r i a l s  u sed .  
E x p l a n a t i o n  o f  t h e s e  d i f f e r e n c e s  was so u g h t  i n  te rm s  o f  th e  
p r o p e r t i e s  o f  the  m a t e r i a l s .  The t r u e  s t r e s s  -  t r u e  s t r a i n
c u r v e s  o f  t h e  m a t e r i a l s  a r e  shown in  F i g .  11.
( 16)
Jo hn so n  and  Howe c o n c lu d e d  t h a t  w o r k - h a r d e n in g  r a t e
had no s i g n i f i c a n t  i n f l u e n c e  on r e d u n d a n t  work, whereas  
( 1 0 )
W i s t r e i c h  found  an i n d i c a t i o n  i n  h i s  r e s u l t s  t h a t  t h e  
r e d u n d a n t  work d e c r e a s e d  a s  t h e  r e l a t i v e  w o r k - h a r d e n in g  r a t e  
i n c r e a s e d .  The s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  o f  a  m a t e r i a l  
a r e  d e f i n e d  b o t h  by the  w o rk -h a rd e n in g  r a t e  and the  s t r e n g t h  
o f  the  m a t e r i a l .  A c c o r d i n g l y  the  f o l l o w i n g  p a r a m e t e r s  were 
computed f o r  e v e ry  d raw in g  p a s s  u n d e r t a k e n :
1. The mean v a lu e  o f  th e  y i e l d  s t r e s s  in  the  p a s s  d e f i n e d  
—  1 ft?
t>y Y = Tf~ J a  ^  where i s  th e  e q u i v a l e n t  s t r a i n  
d e f i n e d  i n  s e c t i o n  3*8 and F i g .  2 8 .
2 .  The mean v a lu e  o f  t h e  w o r k - h a r d e n in g  r a t e  i n  th e  p a s s
d e f i n e d  b y  H = 4 -  4 ? '  d £*? Jo a  £
3* The mean v a l u e  o f  th e  r e l a t i v e  w o r k - h a r d e n in g  r a t e  i n
the pass def ined  by  R H = 4 -  f  4 4  d£v J o  &  d I
The computed v a l u e s  a r e  g i v e n  i n  T ab le  16. I t  i s  
d i f f i c u l t  t o  d e te r m in e  t h e  e f f e c t  o f  m a t e r i a l  p r o p e r t i e s  on
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t h e  redundant-work :  f a c t o r  w i t h o u t  e l i m i n a t i n g  f i r s t  t h e  
g r e a t e r  e f f e c t s  due t o  c h an ges  i n  d i e  a n g le  and d raw in g  
r e d u c t i o n .  I d e a l l y  t h i s  c o u ld  "be a c h i e v e d  "by t h e  use  o f  a  
combined p a ra m e te r#  o f  which t h e  redundant-work:  f a c t o r  i s  a 
f u n c t i o n ,  t o  a l l o w  f o r  "both r e d u c t i o n  and d i e  a n g le  s im u l ­
t a n e o u s l y .  Such p a r a m e t e r s  have "been s u g g e s t e d  "by Green and 
( 2 1 ) ( 10 )
H i l l  and W i s t r e i c h  f o r  s t r i p  d raw ing  and an a n a lo g o u s
p a r a m e te r  has  "been u sed  "by Jo h n so n  and Rowe f o r  w i re  d raw ing .  
U n f o r t u n a t e l y  a s a t i s f a c t o r y  combined p a r a m e t e r  c o u ld  no t  be  
fo u n d  f o r  the  r e s u l t s  o f  the  p r e s e n t  i n v e s t i g a t i o n  and t h i s  
i s  d i s c u s s e d  i n  s o c t i o n  5*8- The f o l l o w i n g  t e c h n i q u e  was 
t h u s  employed to  e l i m i n a t e  th e  e f f e c t s  o f  d i e  a n g l e  and 
r e d u c t i o n .  The v a l u e s  o f  Y , H a n d R H i n  Table  16 were 
p l o t t e d  a g a i n s t  i f o r  those  s t r i p s  drawn th r o u g h  t h e  5 ° and 
15 d i e s ,  a s  shown i n  P i g s .  113-118 .  Prom t h e s e  f i g u r e s  t h e  
v a l u e s  o f  Y , H and R H c o r r e s p o n d i n g  to  t r u e  s t r a i n s  o f  
0 . 0 5 , 0 .1 0  and 0 .1 5  were th en  d e te r m in e d  by  i n t e r p o l a t i o n .  
S i m i l a r l y  the  v a l u e s  o f  0 a f o r  t r u e  s t r a i n s  o f  0 . 0 5 ,  0 .1 0  
and  0 .1 5  on s t r i p s  drawn th r o u g h  tne  5 ° and 15° d i e s  were 
o b t a i n e d  f rom  P i g s .  108 and 110. These v a l u e s  a r e  g i v e n  in  
T a b le  17 and 0 a i s  p l o t t e d  a g a i n s t  Y > H and  R H  f e r  t h e s e  
c o n d i t i o n s  i n  P i g s .  119-121 .  These  d i e  a n g l e s  and  t r u e  
s t r a i n s  were c hosen  b e c a u se  d a t a  was a v a i l a b l e  on most o f  the  
m a t e r i a l s  f o r  t h e s e  c o n d i t i o n s .
P i g s .  119 and 120 c l e a r l y  i n d i c a t e  a l a c k  o f  c o r r e l a t i o n  
be tw een  0 a and b o t h  the  w o r k - h a r d e n in g  r a t e  and  t h e  r e l a t i v e
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w o r k - h a r d e n in g  r a t e .  There  i s  however a t e n d e n c y ,  shown i n  
F i g .  121, f o r  0 a t o  d e c r e a s e  a s  Y i n c r e a s e s .  To t e s t  th e  
s i g n i f i c a n c e  o f  t h i s  t e n d e n c y  th e  c o r r e l a t i o n  c o e f f i c i e n t s
f o r  the  d a t a  i n  F i g .  121 were computed a n d  t e s t e d  f o r
s i g n i f i c a n c e  w i th  t a b l e s  o f  the  d i s t r i b u t i o n  o f  S t u d e n t s  t .
The r e s u l t s  a r e  g i v e n  i n  T ab le  18.  The o b se rv e d  c o r r e l a t i o n  
was found  to  be no t  s i g n i f i c a n t .
Thus th e  l a r g e  d i f f e r e n c e s  in  t h e  m agni tude  o f  0 a w i th  
m a t e r i a l  found  i n  t h i s  i n v e s t i g a t i o n  can no t  be e x p l a i n e d  in  
t e r m s  o f  t h e  v a r i a t i o n  i n  s t r e n g t h  be tw een  the  m a t e r i a l s  n o r ,  
a s  was e x p e c te d ,  i n  t e rm s  o f  t h e  v a r i a t i o n  i n  w o r k - h a r d e n in g  
r a t e .  A s t r o n g  p o s i t i v e  c o r r e l a t i o n  does  e x i s t  however 
b e tw e e n  0a and G, th e  e x p o n e n t i a l  c o n s t a n t  i n  th e  a n a l y t i c a l  
a p p r o x i m a t i o n  to  th e  y i e l d  s t r e s s  c u rv e  ( s e c t i o n  3*7  and 
T a b le  11 ) .  T h is  c o r r e l a t i o n  i s  i l l u s t r a t e d  i n  T a b le  19 and 
i n  F i g .  122, where the v a l u e s  o f  0a  a r e  t ak e n  f ro m  F i g s .
108 and 110 and the  v a l u e s  o f  G a r e  taken  f rom  T a b l e  11.  The
c o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  d a t a  i n  F ig .  122. were 
computed and t e s t e d  f o r  s i g n i f i c a n c e  w i th  t a b l e s  o f  t h e  
d i s t r i b u t i o n  o f  S t u d e n t s  t .  The r e s u l t s  a r e  g iv e n  i n  T ab le  
20 where i t  can be s e en  t h a t  th e  l e v e l  o f  p r o b a b l y  s i g n i f i c a n t  
was a lw ays  a t t a i n e d  o r  s u r p a s s e d .  F o r  t h e  15° d i e  r e s u l t s  
were a v a i l a b l e  on o n ly  8 m a t e r i a l s  and t h e  o b s e r v e d  c o r r e ­
l a t i o n  c o e f f i c i e n t  was fou nd  to  be  p r o b a b l y  s i g n i f i c a n t *
F o r  the  5 ° d i e  r e s u l t s  were a v a i l a b l e  on 10 m a t e r i a l s  and  t h e  
o b s e r v e d  c o r r e l a t i o n  c o e f f i c i e n t  was fo u n d  to  be s i g n i f i c a n t
Ih
o r  h i g h l y  s i g n i f i c a n t .  I n s p e c t  io n  o f  F i g s .  109 a n d  111. f o r  
th e  10° and 25° d i e s  r e v e a l s  th e  same tendency  a l t h o u g h  o n ly  
a few  m a t e r i a l s  had "been drawn t h r o u g h  t h e s e  d i e s .
I t  can "be shown t h a t  C i s  t h e  r e l a t i v e  r a t e  o f  change 
o f  w o r k - h a r d e n in g  r a t e  w i th  s t r a i n .  Thus 0 i s  th e  
e x p o n e n t i a l  c o n s t a n t  i n  th e  a n a l y t i c a l  a p p r o x i m a t i o n  to  the  
y i e l d  s t r e s s  c u r v e ,  cr = A - B < 2f c£ hence th e  w o r k - h a r d e n in g
r a t e  H, i s  ^ - 7  = B C e - c t  and t h e  r a t e  o f  change  o f  work-
rl H rl* 2h a r d e n i n g  r a t e  w i t h  s t r a i n  i s  5 -y  = 5 —2  = -  BC 2~ce
d  I d  £*■
Thus the  r e l a t i v e  r a t e  o f  change o f  w o r k - h a r d e n in g  r a t e  w i th  
s t r a i n  i s  - i -  £j_hl = -  BCe"c£' /  BC <z~c i = -  C 
The n e g a t i v e  s i g n  r e s u l t s  f rom  th e  f a c t  t h a t  work h a r d e n i n g  
d e c r e a s e s  w i th  s t r a i n  in c re ase . .
Thus a s t r o n g  p o s i t i v e  c o r r e l a t i o n  has  been  fo u n d  
"between the  m agn i tu d e  o f  the  r e d u n d a n t - w o r k  f a c t o r  f o r  any  
m a t e r i a l  and th e  m ag n i tu de  of  t h e  r e l a t i v e  r a t e  o f  change  o f  
w ork-harc len ing  r a t e  w i t h  s t r a i n .
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5 • 8 • Comparison w i t h  t h e o r e t i c a l  p r e d i c t i o n s  f o r  
p l a n e - s t r a i n  c o n d i t i o n s .
The r e d u n d a n t - w o r k  f a c t o r s  d e t e r m i n e d  i n  t h i s  i n v e s t i g a ­
t i o n  a r e  compared w i th  the  t h e o r e t i c a l  p r e d i c t i o n s  f rom  t h e  
H i l l - T u p p e r  th e o r y  f o r  p l a n e - s t r a i n  d raw in g  i n  F i g s .  108 -1 1 2 .  
The t h e o r e t i c a l  p r e d i c t i o n s  a r e  f o r  f r i c t i o n l o s s  d raw ing  o f  
an i d e a l  r i g i d  non w o r k -h a rd e n in g  m a t e r i a l  and a r e  t a k e n  
f ro m  T ab le  3» C o n s i s t e n t l y  l a r g e  d i f f e r e n c e s  a r e  fo u n d  b e tw ee n  
th e  t h e o r e t i c a l  p r e d i c t i o n s  o f  th e  H i l l - T u p p e r  t h e o r y  and th e  
r e s u l t s  o f  t h i s  i n v e s t i g a t i o n .  These d i f f e r e n c e s  v a r y  i n  a  
c o m p l i c a te d  manner w i th  t h e  m a t e r i a l  used  and t h e  d i e  a n g l e  
employed.
The t h e o r y  p r e d i c t s  a  s i m i l a r  dependence  of  r e d u n d a n t  
work on s t r a i n  and d i e  a n g le  t o  t h a t  fo u n d  i n  th e  p r e s e n t  
i n v e s t i g a t i o n  b u t  does  n o t  p r e d i c t  the  m agn i tude  found  f o r  
any m a t e r i a l  a t  a l l  d i e  a n g l e s .  Fo r  a l l  d i e  a n g l e s  the  
m easu red  r e d u n d a n t - w o r k  f a c t o r s  f o r  the  u n r o l l e d  and the  
l i g h t l y - r o l l e d  copper  ( m a t e r i a l s  1 , 2 , ij. and 5 ) a r e  c l e a r l y  
g r e a t e r  t h a n  th o se  p r e d i c t e d  by t h e  t h e o r y .  W ith  the  more 
h e a v i l y  r o l l e d  copper  ( m a t e r i a l s  8 and 9 ) th e  m easured  
r e d u n d a n t - w o r k  f a c t o r s  a r e  c l e a r l y  g r e a t e r  than  t h e  t h e o r e t i ­
c a l  p r e d i c t i o n s  f o r  th e  5 ° and 10° d i e s ,  c l e a r l y  lo w e r  f o r  
t h e  25 ° d i e  and more or  l e s s  i n  a g reem en t  w i th  t h e  t h e o r e t i c a l  
p r e d i c t i o n s  over  most o f  the  s t r a i n  ran ge  f o r  the  15°  d i e .
The u n r o l l e d  b r a s s  gave  r e d u n d a n t - w o r k  f a c t o r s  t h a t  were 
low er  th a n  the  t h e o r e t i c a l  p r e d i c t i o n s  f o r  the  5 ° d i e  b u t  i n
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ag re em e n t  w i th  t h o s e  p r e d i c t i o n s  o v e r  most o f  t h e  s t r a i n  
ra n g e  f o r  t h e  15° d i e .  F a i r  a g re em e n t  was fo u n d  b e tw ee n  t h e  
m easu red  and p r e d i c t e d  v a l u e s  f o r  th e  r o l l e d  b r a s s e s  
( m a t e r i a l s  6 , 7 * 10 and 11) drawn th r o u g h  the  5 ° d i e  "but 
t h e  p r e d i c t e d  v a l u e s  were c l e a r l y  the  g r e a t e r  w i t h  t h e  15° 
d i e .  F o r  th e  m i ld  s t e e l  ( m a t e r i a l  12) the  t h e o r e t i c a l  
p r e d i c t i o n s  a r e  low f o r  th e  5 ° d i e  and  h ig h  f o r  th e  15° d i e .
S in c e  the  m easured  r e d u n d a n t - w o r k  f a c t o r s  show a 
c o n s i d e r a b l e  v a r i a t i o n  w i th  m a t e r i a l ,  i t  i s  u n a v o i d a b l e  t h a t  
t h e  p r e d i c t e d  v a l u e s  f o r  an i d e a l  m a t e r i a l  c a n n o t  a g r e e  w i t h  
a l l  t h e  e x p e r i m e n t a l  r e s u l t s .  However, i t  i s  s u r p r i s i n g  
t h a t  th e  t h e o r e t i c a l  p r e d i c t i o n s  f a l l  i n s i d e  the  r a n g e  
c o v e r e d  by the  m a t e r i a l s .  I f  t h e  d i f f e r e n c e s  fo u n d  be tw een  
m a t e r i a l s  a r e  t o  be a t t r i b u t e d  to  t h e i r  d i f f e r e n t  d e g r e e s  o f  
d e p a r t u r e  f rom th e  i d e a l i s e d  p o r f e c t l y  r i g i d  non w o r k - h a r d e n in g  
model  th en  the  t h e o r e t i c a l  p r e d i c t i o n s  would be e x p e c t e d  t o  
l i e  o u t s i d e  th e  r a n g e  c o v e red  by the  r e a l  m a t e r i a l s  u se d  i n  
t h i s  i n v e s t i g a t i o n  -  no t  w i t h i n  i t .
A lso  shown i n  F i g s .  108-112 a r e  t h e  r e d u n d a n t - w o r k  
f a c t o r  p r e d i c t i o n s ,  0 k , d e r i v e d  i n  Append ix  1 f o r  f r i c t i o n ­
l o s s  p l a n e - s t r a i n  d raw ing  by an a n a lo g o u s  argument  t o  t h a t  
u s e d  by K orbe r  and E i c h i n g e r  f o r  w i re  d rawing .  I t  can be  
s e e n  t h a t  in  some c a s e s ,  n o t a b l y  f o r  m a t e r i a l s  1 , 2 , and 
an d  f o r  m a t e r i a l s  8 and 9 drawn t h r o u g h  th e  low a n g l e  d i e s ,  
t h e  K drbe r  and E i c h i n g e r  c o r r e c t i o n  g i v e s  a b e t t e r  p r e d i c t i o n  
o f  0 ^  t h a n  t h e  H i l l - T u p p e r  t h e o r y .  However, t h i s  c a n n o t  be
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c o n s i d e r e d  t o  toe o t h e r  th an  f o r t u i t o u s .  I t  i s  shown i n  
a p p e n d ix  1 t h a t  the  i n a c c u r a c y  o f  th e  KSrtoer and E i c h i n g e r  
p r e d i c t i o n  f o r  t h e  f r i c t i o n l e s s  d raw in g  o f  an i d e a l  m a t e r i a l  
c a u s e s  0a to  toe o v e r e s t i m a t e d  toy atoout 15-25?6. F i g s .  108-112 
show t h a t  the  v a l u e s  o f  0 a fo u n d  f o r  r e a l  m a t e r i a l s  sometimes 
e x c e e d  th e  t h e o r e t i c a l  p r e d i c t i o n s  f o r  i d e a l  m a t e r i a l s  toy 
atoout t h e  same amount.  F o r  t h e s e  c o n d i t i o n s  t h e  Kdrtoer and 
E i c h i n g e r  p r e d i c t i o n  i s  i n  good ag re em e n t  w i th  th e  m easured  
v a l u e s  o f  0/\ , tout th e  ag reem en t  a r i s e s  f rom th e  f o r t u i t o u s  
m u tu a l  c a n c e l l a t i o n  o f  e r r o r s  and  h a s  no f u n d a m e n ta l  s i g n i ­
f i c a n c e .
( 21 )
Green and H i l l  showed t h a t  the  t h e o r e t i c a l  p r e d i c t i o n  
o f  0  f o r  the  f r i c t i o n l e s s  d raw ing  o f  an  i d e a l  m a t e r i a l ,
( — was  a f u n c t i o n  of  th e  g e o m e t r i c a l  p a r a m e t e r  -d g —  
( s e c t i o n  2 .1* .2 .)  t o  w i t h i n  ± i fc  f o r  5 < ^ < 3 0 °  » T h i s  p a r a ­
m e te r  has  toeen computed f o r  a l l  the  draws i n  t h i s  i n v e s t i g a t i o n  
and i s  g iv e n  in  Tatole 16* The measured  v a l u e s  o f  0 a o to ta ined  
i n  t h i s  i n v e s t i g a t i o n  a r e  compared w i th  t h e  t h e o r e t i c a l  
p r e d i c t i o n ,  — — >f o r  e ac h  m a t e r i a l  i n  F i g s .  123-131? where
rtooth a r e  p l o t t e d  a g a i n s t  -^g- • The t h e o r e t i c a l  p r e d i c t i o n s  
were taken  f ro m  Tatole 1*. The d i s c r e p a n c y  toetween t h e  
t h e o r e t i c a l  p r e d i c t i o n s  and t h e  m easured  v a l u e s  can too c l e a r l y  
seen  f o r  e v e r y  m a t e r i a l .  Where ag reem ent  i s  found the  c u r v e s  
i l l u s t r a t e  t h e  f o r t u i t o u s  n a t u r e  o f  th e  a g re e m e n t .  I t  i s  a l s o  
e v i d e n t  t h a t  th e  combined p a r a m e t e r  - C - f a i l s  t o  a d e q u a t e l y  
a l l o w  f o r  tooth the  d i e  a n g l e  and r e d u c t i o n  a l t h o u g h  f o r  e ach
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d ie  a n g le  0 a i s  a f u n c t i o n  o f  ^D
The v a l u e s  o f  0 k d e r i v e d  in  -Appendix 1 a r e  a l s o  i n c l u d e d
in  F i g s .  123 -13 1 ,  and  t h e s e  f i g u r e s  c l e a r l y  i n d i c a t e  th e
d i f f e r e n c e s  b e tw een  t h e  H i l l - T u p p e r  p r e d i c t i o n  and 0\< , f o r
r
0 k i s  a l i n e a r  f u n c t i o n  o f -djj-. The m easu red  v a l u e s  o f  0 a 
t e n d  t o  show th e  same s o r t  o f  dependence  on - C _  a s  th e  H i l l -D
Tupper  p r e d i c t i o n  even when i n  magni tude  t h e y  a re  n e a r e r  to
0 k. . T h i s  e m p h a s i se s  t h e  fu n d a m e n ta l  i n a c c u r a c y  o f  th e
K o r b e r  and E i c h i n g e r  c o r r e c t i o n  and c o n f i r m s  th e  f o r t u i t o u s
n a t u r e  o f  th e  ag reem ent  be tw een  0 k and 0 a i n  th o se  c a s e s
where i t  o c c u r s .
( 10)
W i s t r e i c h  had p r e d i c t e d  t h a t  0  would be a  f u n c t i o n
1 -  ro f  an  a n a lo g o u s  g e o m e t r i c a l  p a ra m e te r  oC -    • The v a l u e
o f  t h i s  p a ra m e te r  has  b e e n  computed f o r  t h e  draws i n  t h i s
i n v e s t i g a t i o n  and i s  g i v e n  i n  T a b le  16* -Again, s i n c e  th e
m easured  r e d u n d a n t - w o r k  f a c t o r s  show a c o n s i d e r a b l e  v a r i a t i o n
w i th  m a t e r i a l ,  i t  i s  u n a v o id a b le  t h a t  t h e y  can n o t  be a s im p le
f u n c t i o n  o f  any p a r a m e te r  t h a t  does  no t  a l l o w  f o r  m a t e r i a l
d i f f e r e n c e s  and t h u s  t h e  e f f i c a c y  o f  any g e o m e t r i c a l  p a r a m e t e r
can on ly  f a i r l y  be t e s t e d  w i th  the  r e s u l t s  c o n f i n e d  to  one
m a t e r i a l  a t  a t ime.  I n  F i g s .  132 and 133 0b  i s  p l o t t e d  
1 — ra g a i n s t  oi — 1 • f o r  m a t e r i a l s  1 and 2 and  f o r  m a t e r i a l  3 *
I t  can be seen  t h a t  t h i s  p a ra m e te r  a l s o  d oes  no t  a d e q u a t e l y  
a l l o w  f o r  t h e  obse rv ed  v a r i a t i o n  i n  0  w i t h  b o t h  r e d u c t i o n  
and d i e  a n g l e .
5*9* Comparison w i t h  e x p e r i m e n t a l  r e s u l t s  in  a x i a l  
symmetry.
The on ly  e x p e r i m e n t a l  d e t e r m i n a t i o n s  o f  r e d u n d a n t  work
( 1 0 )
u s i n g  the  e q u i v a l e n t - s t r a i n  t e c h n iq u e  have been  b y  W i s t r e i c h
(17)
and b y  C a d d e l l  and A t k i n s .  These w ork e r s  to o k  t h e  r a t i o  
o f  th e  e q u i v a l e n t  s t r a i n  t o  the  a c t u a l  s t r a i n ,  0  , a s  t h e
r e d u n d a n t - w o r k  f a c t o r .  0  i s  no t  a t r u e  work f a c t o r  a s  has 
been  d i s c u s s e d  in  s e c t i o n  5 *2 , and f o r  r e a l  m a t e r i a l s  0  and 
0 a can be e x p e c te d  t o  d i f f e r . '  The r e s u l t s  o f  the  p r e s e n t  
i n v e s t i g a t i o n  have i n d i c a t e d  t h a t  t h i s  d i f f e r e n c e  can be 
a p p r e c i a b l e  and so i n  compar ing  the  p r e s e n t  r e s u l t s  w i t h  t h o s e  
of  W i s t r e i c h ,  u s i n g  t h e  e q u i v a l e n t - s t r a i n  t e c h n i q u e ,  and  o f  
C a d d e l l  and ^ t k i n s ,  a com parab le  r a t i o  0  a s  d e f i n e d  i n  P i g .  27 
has  b e en  used .
W i s t r e i c h * s  r e s u l t s  have been  s u r v e y e d  i n  s e c t i o n  2 .3 * 2 .  
They c o n s i s t  o f  two r e d u c t i o n s  t h r o u g h  2 d i e s  f o r  e ac h  o f  
t h r e e  m a t e r i a l s ,  m i ld  s t e e l ,  1 8 /8  s t a i n l e s s  s t e e l  and  e l e c ­
t r o l y t i c  co pp er .  U n f o r t u n a t e l y  one o f  t h e s e  d i e s  had a 
s e m i - a n g l e  o f  2° and i n  t h e  p r e s e n t  i n v e s t i g a t i o n  c o n s i d e r a b l e  
d e p a r t u r e  f rom  p l a n e - s t r a i n  c o n d i t i o n s  when d raw in g  t h r o u g h  
d i e s  o f  2 ° s e m i- a n g le  has  thrown d o u b t ,  a s  d i s c u s s e d  i n  
s e c t i o n  5 *3 ? on the  v a l i d i t y  o f  t h e s e  r e s u l t s .  A c c o r d i n g l y  
th e  com par ison  be tw een  W i s t r e i c h * s  r e s u l t s  and t h o s e  o f  t h e  
p r e s e n t  i n v e s t i g a t i o n  has  been  r e s t r i c t e d  to  th e  10° d i e .
T h is  com par ison  i s  made in  P i g .  13b where t h e  v a l u e s  o f  0 w 
a r e  t a k e n  f rom  T ab le  i  and  those  o f  0  f r o m  T a b le  16.
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I n s u f f i c i e n t  d a t a  a r e  a v a i l a b l e  f rom  W i s t r e i c h 1s o b s e r v a t i o n s
t o  a l l o w  a c l o s e  c o m p ar iso n  t o  be made, however W i s t r e i c h ’ s
r e s u l t s  on w ire  t e n d  to  show h i g h e r  v a l u e s  o f  0  t h a n  t h o s e
f ro m  t h e  p r e s e n t  i n v e s t i g a t i o n  on s t r i p -  However, w i th  the
mode o f  d e f o r m a t io n  b e i n g  d i f f e r e n t  t h e r e  i s  no r e a s o n  t o
e x p e c t  t h e  r e d u n d a n t - w o r k  f a c t o r  to  be th e  same. I n  f a c t  
( 1 ° )
W i s t r e i c h  d i d  s u g g e s t  t h a t  0  f o r  w i re  would be g r e a t e r  
t h a n  0  f o r  s t r i p .
(17 )
C a d d e l l  and i i t k i n s ’ r e s u l t s  have been  su rv e y e d  i n  
s e c t i o n  2 .3 -6*  I n  some r e s p e c t s  t h e i r  i n v e s t i g a t i o n ,  th e  
d e t a i l s  o f  which were p u b l i s h e d  a f t e r  t h e  p r e s e n t  i n v e s t i g a ­
t i o n  had been  c o m p le te d ,  r a n  a p a r a l l e l  c o u rs e  to  th e  p r e s e n t  
i n v e s t i g a t i o n *  They u sed  th e  e q u i v a l e n t - s t r a i n  t e c h n i q u e  and 
fo un d  t h a t  0  v a r i e d  b e tw een  m a t e r i a l s .  However t h e y  u sed  a 
s im p le  power law a p p r o x i m a t i o n  to  th e  y i e l d  s t r e s s  c u r v e s  o f  
t h e i r  m a t e r i a l s ,  CX = B £ . I n  th e  p r e s e n t  i n v e s t i g a t i o n
power laws o f  the  t y p e O = B 8 A and o  =A+B8° were c o n s i d e r e d  
and r e j e c t e d  in  f a v o u r  of the  e x p o n e n t i a l  law. Pig* 43 
i l l u s t r a t e s  t h e  in a d e q u a c y  o f  t h e  power law i n  t h i s  r e s p e c t  
f o r  m a t e r i a l  1. The dashed  l i n e  i s  the  b e s t  e x p o n e n t i a l  law 
f i t ,  o  = 2 1 - 6 7 - 1 7 . 2 6 7 e 5’641£ and th e  d a s h - d o t t e d  l i n e  i s  t h e  
b e s t  power law f i t  O ' = 4 + 3 4 - 5 4  8 . I n  a d d i t i o n ,
u n l i k e  th e  p r e s e n t  i n v e s t i g a t i o n ,  t h e i r  r e d u n d a n t - w o r k  f a c t o r s  
were found  to  be a  s im p le  l i n e a r  f u n c t i o n  o f  a g e o m e t r i c a l  
p a r a m e t e r  s i m i l a r  to  the  one u se d  by  Rowe.
/ i l l  o t h e r  e x p e r i m e n t a l  i n v e s t i g a t i o n s  have u s e d  the
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e q u i v a l e n t - s t r e s s  t e c h n iq u e  to  e s t i m a t e  0 A . W i s t r e i c h ’ s 
r e s u l t s  w i th  t h i s  t e c h n iq u e  a r e  summarised i n  the e m p i r i c a l  
r e l a t i o n s h i p ,
0w =0-87+ iA —— —
Jo h n so n  and Rowe showed t h a t  t h e i r  r e s u l t s  c o u ld  "be r e p r e -  
s e n t o d  hy the  e m p i r i c a l  r e l a t i o n s h i p ,
0 j = O - 88  + O-78L(Di+De) / ( D i  - D 2)][ (1  -cos°<) /(2s in*) ]
2,
I t  can he shown t h a t  (Q l-DtMDr-D*) = [(1 -r)/r][(1 l f T r ) + 1] 
and t h u s  0*= 0-88 +0-78[( 1 -cos* ) ! ( 2sin *  )j[(1-r)/r][(1 lJUr)* 1]
The v a l u e s  o f  0w  and 0?  f ro m  th e s e  r e l a t i o n s h i p s  were 
computed f o r  a r an g e  o f  d i e  a n g l e s  and r e d u c t i o n s  and  th ey  
a r e  g iv e n  in  T ab le  21. I n  P i g s .  123~13'N 0w  and  0 7 a r e  
compared w i th  t h e  e x p e r i m e n t a l  r e s u l t s  f rom  t h i s  i n v e s t i g a t i o n .  
I t  can he seen  t h a t  0 W and 0 y a r e  u s u a l l y  g r e a t e r  t h a n  and 
f r e q u e n t l y  v e r y  much g r e a t e r  t h a n  0 a • Moreover t h e  l i n e a r  
dependence  o f  0  on shown hy  t h e s e  r e l a t i o n s h i p s  i s  n o t  
f o u n d  in  the  e x p e r i m e n t a l  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n .
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5*10. The a c c u r a c y  o f  the  t e c h n i q u e  d e v e l o p e d .
5 . 1 0 . 1 .  I n t r o d u c t i o n .
As  c o n s i s t e n t l y  l a r g e  v a r i a t i o n s  o f  0a  have been 
fo u n d  "between m a t e r i a l s  th e  p o s s i b i l i t y  t h a t  t h e  o b s e rv e d  
v a r i a t i o n  o f  0a w i t h  0 m igh t  have a r i s e n  f rom  e r r o r s  .in t h e  
measurement o f  0* whose m agn i tu d e  v a r i e d  i n  a s y s t e m a t i c  
f a s h i o n  w i th  0 ? r e q u i r e d  c a r e f u l  i n v e s t i g a t i o n .  T h e re  were 
two p o s s i b i l i t i e s :
1. an e r r o r  o c c u r r e d  t h a t  c a u s e d  0 a t o  be  o v e r e s t i m a t e d  
and t h e  m agn i tu d e  o f  t h i s  e r r o r  i n c r e a s e d  w i th  
i n c r e a s e  i n  C, or
2. an e r r o r  o c c u r r e d  t h a t  c a u s e d  0 a t o  be u n d e r e s t i m a t e d  
and the  m agn i tude  o f  t h i s  e r r o r  i n c r e a s e d  w i t h
d e c r e a s e  i n  C, o r  a c o m b in a t io n  o f  1 and 2.
5 * 1 0 .2 .  E r r o r s  in  measurement o f  s t r e s s  and s t r a i n  
and 0 a  .
A ny  i n a c c u r a c y  i n  t h e  l o a d - e x t e n s i o n  r e c o r d i n g s  
o b t a i n e d  would no t  have been  r e f l e c t e d  i n  0a s i n c e  th ey  would 
have o c c u r r e d  t o  an e q u a l  e x t e n t  in  the  t e s t s  on b o t h  t h e  
undrawn and the  drawn s t r i p s .  When the  v a l u e s  o f  l o a d  and 
e x t e n s i o n  were t a k e n  f rom  the  a u t o g r a p h i c  r e c o r d i n g s , l o a d s  
were e s t i m a t e d  t o  i k g f  on a s c a l e  o f1 cm =150k gf  and
e x t e n s i o n s  to  0 .0001 cm on a s c a l e  o f  1 cm s  0 .0 0 2  cm
e x t e n s i o n .  Thus th e  l a s t  f i g u r e  on e x t e n s i o n  r e a d i n g s  
r e q u i r e d  e s t i m a t i o n s  to  0*5 mm which  a r e  p o s s i b l e .  However* 
an a c c u r a t e  l a s t  f i g u r e  on th e  l o a d  r e a d i n g  r e q u i r e d  e s t i m a t e s
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t o  0 .0 7  mm and s i n c e  th e  t h i c k n e s s  o f  t h e  pen r e c o r d e r  l i n e  
was a b o u t  0 .2  mm t h i s  a c c u r a c y  was q u e s t i o n a b l e .  However* 
any  i n a c c u r a c y  f rom  t h i s  s o u rc e  would have been  an a b s o l u t e  
i n a c c u r a c y  and t h u s  would have been  a d e c r e a s i n g  p r o p o r t i o n  
o f  the  lo ad  measurement  a s  th e  s t r e n g t h  i n c r e a s e d .  I t  t h e r e ­
f o r e  would have had the p r o p e r t y  o f  v a r y i n g  w i th  m a t e r i a l  
s t r e n g t h  b u t  no s i g n i f i c a n t  v a r i a t i o n  o f  0 a  w i th  s t r e n g t h  
c o u ld  be d e t e c t e d .  M oreover ,  t h e r e  i s  no r e a s o n  why an 
e r r o r  f rom  t h i s  s o u rc e  sho u ld  a lw ay s  be i n  the  same s e n s e  and 
a g a i n  i t  would be e x p e c t e d  to  have o c c u r r e d  to  the  same 
e x t e n t  i n  b o t h  the  t e s t s  on the  undrawn s t r i p s  and t h o s e  on 
th e  drawn s t r i p s ,  and  t h u s  i t  sh o u ld  n o t  a f f e c t  0 a  .
A s  d i s c u s s e d  i n  s e c t i o n  3 the  e r r o r s  i n t r o d u c e d  
by  the  p h y s i c a l  cu rve  f i t t i n g  were e l i m i n a t e d  i n  t h i s  i n v e s ­
t i g a t i o n  by th e  t e c h n iq u e  a d o p te d  f o r  d e t e r m i n i n g  0 a f rom  
the  d e f i n e d  y i e l d  p o i n t .  In  a d d i t i o n  th e  n u m e r i c a l  methods 
employed to  measure  th e  a r e a s  u n d e r  th e  y i e l d  s t r e s s  c u r v e s  
were v e r y  a c c u r a t e .  They a r e  b a s e d  on the  use  o f  a n a l y t i c a l  
a p p r o x i m a t i o n s  to  the  y i e l d  s t r e s s  c u rv e s  o f  the  m a t e r i a l s  
b u t  t h e s e  a p p r o x i m a t i o n s  were made v e ry  c l o s e  by the  use  o f  
th e  e x p o n e n t i a l  a p p ro x i m a t i o n .  The v a l u e s  o f  t h e  c o r r e l a t i o n  
c o e f f i c i e n t s  in  T ab le  11 a r e  a measure  o f  t h e  c l o s e n e s s  of  
t h i s  a p p r o x i m a t i o n  and t h e y  a r e  v e r y  h igh .
5*10 .3 -  E r r o r s  due t o  v a r i a t i o n  i n  d raw in g  
c o n d i t i o n s .
I t  i s  i n e v i t a b l e  t h a t  the  f r i c t i o n  c o n d i t i o n s  w i l l
v a r y  w i th  m a t e r i a l .  These  changes  i n  f r i c t i o n  c o n d i t i o n s  
might  be e x p e c t e d  t o  a f f e c t  th e  n a tu r e  o f  th e  f lo w  o f  th e  
m e t a l  i n  th e  d e f o r m a t io n  zone and th u s  t o  be accom panied  by  
chan ges  i n  t h e  amount o f  r e d u n d a n t  work. I n  a d d i t i o n  a s  t h e  
m a t e r i a l  s t r e n g t h  i n c r e a s e s  th e  h e a t  o f  d e f o r m a t i o n  i n c r e a s e s  
and i t  i s  p o s s i b l e  t h a t  t h i s  c o u ld  l e a d  t o  a s e l f - a n n e a l i n g  
e f f e c t .  To m in im ise  any  p o s s i b l e  i n f l u e n c e  f rom t h e s e  
s o u r c e s  th e  s t r i p s  i n  the  main i n v e s t i g a t i o n  were p r e p a r e d  
to  a c o n s t a n t  f i n i s h  and drawn under  s t a n d a r d  c o n d i t i o n s ,  a s  
d e s c r i b e d  i n  s e c t i o n  3*4* and d raw in g  was c a r r i e d  o u t  a t  t h e  
low es t  sp e e d  a v a i l a b l e  to m in im ise  h e a t i n g .  S i n c e ,  a s  
d i s c u s s e d  i n  s e c t i o n  5*5^ wide v a r i a t i o n s  i n  d raw in g  c o n d i t i o n s  
d e l i b e r a t e l y  i n t r o d u c e d  showed no s i g n i f i c a n t  e f f e c t  on 0 a 
i t  i s  r e a s o n a b l e  t o  assume t h a t  th e  r e l a t i v e l y  s m a l l  c h a n g e s  
i n  d raw ing  c o n d i t i o n s  t h a t  may have accom pan ied  the  change  
o f  m a t e r i a l s  may be d i s c o u n t e d .
5 . I O . 4 . S t r a i n - a g e  h a r d e n i n g  o f  the  m i l d  s t e e l .
S t r a i n  a g e i n g  o f  t h e  m i ld  s t e e l  s t r i p s  m ig h t  have 
l e d  t o  some e r r o r  in  the  m easurem ents  f o r  t h i s  m a t e r i a l .  The 
e f f e c t  o f  room t e m p e r a tu re  a g e i n g  on the  h a r d n e s s  o f  th e  m i ld  
s t e e l  i s  shown i n  F i g .  61 where i t  can be se en  t h a t  t h e r e  i s  
an a g e in g  e f f e c t .  The drawn s t r i p s  were t e n s i l e  t e s t e d  a b o u t  
two months a f t e r  d raw ing  and th u s  some s t r a i n - a g e  h a r d e n i n g  
must have o c c u r r e d .  The t e c h n iq u e  employed i n  t h i s  i n v e s t i g a ­
t i o n  w i l l  have i n c l u d e d  t h i s  e x t r a  s t r e n g t h e n i n g  i n  th e  
r e d u n d a n t - w o r k  e s t i m a t e  c a u s i n g  i t  t o  be o v e r e s t i m a t e d .
However t h e  t r u e  s t r e s s  -  t r u e  s t r a i n  c u r v e s  o f  the  drawn 
s t r i p s  o f  m a t e r i a l  12 d i d  n o t  e x h i b i t  a s h a r p  y i e l d  p o i n t  
a s  can be seen  in  F i g .  3k> and t h u s ,  a l t h o u g h  some s t r a i n - a g e  
h a rd e n in g  must  have o c c u r r e d ,  i t  was n o t  s u f f i c i e n t  t o  c au se  
a sh a rp  y i e l d  p o i n t  r e t u r n .  Moreover ,  a s  d i s c u s s e d  i n  
s e c t i o n  3 *5 * th e  y i e l d  s t r e s s  cu rve  f o r  t h e  m i ld  s t e e l  was 
e x te n d e d  t o  h i g h e r  s t r a i n s  by us ing ,  th e  t e n s i l e  t e s t  f ro m  
s t r i p  280 , which was drawn under  c o n d i t i o n s  (c*f= 5  , £ = 0 - 2 8 3 3  ) 
such  t h a t  t h e  r ed u n d a n t  work c o u ld  be assumed to  be n e g l i g i b l e .  
T h is  s t r i p  w i l l  have s t r a i n  aged  t o  t h e  same e x t e n t  a s  t h e  
o t h e r s  f o r  a l l  the  m i ld  s t e e l  s t r i p s  were drawn w i t h i n  t h r e e  
d a y s ,  and l a t e r  a l l  were t e s t e d  w i t h i n  t h r e e  day s .  Thus th e  
s t r e n g t h e n i n g  e f f e c t  o f  s t r a i n - a g e  h a rd e n in g  w i l l  have b e en  
taken  i n t o  a c c o u n t  a t  t h i s  l a r g e  s t r a i n  o f  0 . 2833. In  
a d d i t i o n  t h e  e f f e c t  w i l l  have been  a l lo w e d  f o r  a t  lower  
s t r a i n s  to  a d e g re e ,  f o r  th e  b a s i c  y i e l d  s t r e s s  c u rv e  o f  the  
m i ld  s t e e l  w i l l  be h i g h e r  by v i r t u e  of  h av in g  been  c o n s t r u c t e d  
a s  the b e s t  f i t  to  r e s u l t s  which i n c l u d e  t h a t  f rom  s t r i p  2 8 0 .
In  c o n c l u s i o n  s t r a i n - a g e  h a r d e n i n g  may have 
c a u s e d  0 a  f o r  the  m i ld  s t e e l  to  have been  o v e r e s t i m a t e d ,  b u t  
the  e x t e n t  o f  t h i s  o v e r e s t i m a t i o n  w i l l  have been  s l i g h t  
p a r t i c u l a r l y  a t  h ig h  s t r a i n s .
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6* C o n c l u s i o n s .
1.  The t e c h n iq u e  d e v e lo p e d  i s  c a p a b le  o f  c o n s i s t e n t l y  
r e p r o d u c i n g  m easurements  o f  the  r e d u n d a n t - w o r k  f a c t o r  t o  
w i t h i n  ±5%*
2. The a s su m p t io n  t h a t  th e  e f f e c t s  o f  e l a s t i c  s t r a i n s  
a r e  n e g l i g i b l e  c a u s e s  th e  r e d u n d a n t -w o rk  f a c t o r  to  be  o v e r ­
e s t i m a t e d .  The e x t e n t  o f  the  o v e r e s t i m a t i o n  i s  s m a l l  an d  
f o r  most m a t e r i a l s  and most  s t r a i n s  the  e f f e c t  can be 
n e g l e c t e d .  For  low s t r a i n s ,  however, t h e  e r r o r  f rom t h i s  
so u rc e  becomes i n c r e a s i n g l y  l a r g e .
3* The r e d u n d a n t - w o r k  f a c t o r  and th e  r a t i o  o f  e q u i v a l e n t  
t o  a c t u a l  s t r a i n  a r e  n o t  i d e n t i c a l  f o r  r e a l  m a t e r i a l s  and  i n  
m agni tude  t h e i r  d i f f e r e n c e  i s  se ldom n e g l i g i b l e .
The use  o f  a w i d t h  to  t h i c k n e s s  r a t i o  o f  a b o u t  8:1 
was s u f f i c i e n t  t o  g i v e  a c l o s e  a p p r o x i m a t i o n  t o  p l a n e - s t r a i n  
c o n d i t i o n s  o n ly  f o r  t h o s e  d i e s  used  t h a t  had s e m i - a n g l e s  
g r e a t e r  t h a n  2 ° .  F o r  d r a w in g  th r o u g h  th e  2°  d i e  d i v e r g e n c e s  
f rom  p l a n e - s t r a i n  c o n d i t i o n s  o f  up t o  k»3% were o b s e r v e d .
No s i g n i f i c a n t  e f f e c t  o f  change i n  f r i c t i o n  c o n d i t i o n s  
on the  r e d u n d a n t - w o r k  f a c t o r  c o u ld  be d e t e c t e d .
6. The r e d u n d a n t - w o r k  f a c t o r  was fo u n d  to  i n c r e a s e  w i t h  
d i e  a n g le  i n c r e a s e  and d raw in g  s t r a i n  d e c r e a s e  in  t h e  same 
g e n e r a l  manner a s  t h a t  p r e d i c t e d  by  the  H i l l - T u p p e r  t h e o r y .
T h i s  was f u n d a m e n t a l l y  d i f f e r e n t  f rom  th e  t h e o r e t i c a l  p r e ­
d i c t i o n  o f  K orb e r  and E ic h in g e r *
7* L arge  d i f f e r e n c e s  in  the  m ag n i tud e  o f  the  r e d u n d a n t -
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work f a c t o r  were found b e tw een  the  m a t e r i a l s  used  i n  t h i s  
i n v e s t i g a t i o n  which c o u ld  n o t  be e x p l a i n e d  i n  te rm s  o f  t h e i r  
v a r i a t i o n  in  s t r e n g t h  or  w o r k - h a r d e n in g  r a t e .  A s t r o n g  
p o s i t i v e  c o r r e l a t i o n  was f o u n d  however b e tw e e n  th e  r e d u n d a n t -  
work f a c t o r  and  t h e  m ag n i tud e  o f  t h e  r e l a t i v e  r a t e  o f  change  
o f  w o r k - h a r d e n in g  r a t e  w i t h  s t r a i n .
8.  The e f f e c t  o f  d i e  a n g l e  and r e d u c t i o n  on th e  
r e d u n d a n t - w o r k  f a c t o r s  f o u n d  i n  t h i s  i n v e s t i g a t i o n  c o u ld  n o t  
be s a t i s f a c t o r i l y  r e p r e s e n t e d  by  the  use o f  the  combined 
g e o m e t r i c a l  p a r a m e t e r s  s u g g e s t e d  i n  the  l i t e r a t u r e .
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7* S u g g e s t io n s  f o g  f a r t h e r  work*
A s t r o n g  c o r r e l a t i o n  h a s  been  fo u n d  be tw een  th e  
re d u n d a n t-w o rk  f a c t o r  a n d  th e  r e l a t i v e  r a t e  o f  change  o f  
w o rk -h a rd e n in g  r a t e  w i th  s t r a i n *  R edundan t-w ork  m easu rem en ts  
on o t h e r  m a t e r i a l s ,  f o r  example a lu m in iu m , would b e  u s e f u l  
to  i n c r e a s e  th e  ra n g e  and s t a t i s t i c a l  s i g n i f i c a n c e  o f  t h i s  
c o r r e l a t i o n .
E x tre m e ly  i n t e r e s t i n g  and  u s e f u l  work c o u ld  be  d i r e c t e d  
to w a rd s  a t t e m p t in g  to  e l u c i d a t e  th e  m echanism  by  w hich  t h e  
r e l a t i v e  r a t e  o f  change o f  w o rk -h a rd e n in g  r a t e  w i th  s t r a i n  
a f f e c t s  th e  re d u n d a n t  w ork. S in c e  th e  r e d u n d a n t  work w i l l  be  
d i s t r i b u t e d  n o n -u n i fo rm ly  a c r o s s  th e  w id th  o f  th e  s t r i p  any  
p a ra m e te r  t h a t  v a r i e s  w i th  s t r a i n  w i l l  v a ry  w i th  p o s i t i o n  
a c r o s s  th e  s t r i p  w id th .  Thus d i f f e r e n c e s  i n  th e  v a r i a t i o n  o f  
w o rk -h a rd e n in g  r a t e  a c r o s s  th e  s t r i p  w i th  d i f f e r e n t  m a t e r i a l s  
m ig h t  i n f l u e n c e  th e  r e d u n d a n t  work b y  c a u s in g  d i f f e r e n t  
d e g re e s  o f  n o n - u n i f o r m i ty  o f  d e fo rm a t io n  a c r o s s  th e  s t r i p .
T h is  p o s s i b i l i t y  c o u ld  b e  I n v e s t i g a t e d  b y  m ic r o h a r d n e s s  
e x a m in a t io n  o f  th e  s e c t i o n e d  s t r i p  a f t e r  d raw in g .
One o f  th e  main o b j e c t i v e s  in  t h i s  i n v e s t i g a t i o n  h a s  
been  t o  examine th e  manner i n  which t h e  b e h a v io u r  o f  r e a l  
m a t e r i a l s  d i f f e r s  fro m  t h a t  p r e d i c t e d  t h e o r e t i c a l l y  f o r  i d e a l  
m a t e r i a l s .  T h is  has  b e en  a c h ie v e d  b y  com paring  e x p e r i m e n t a l l y  
d e te rm in e d  w i th  t h e o r e t i c a l l y  p r e d i c t e d  re d u n d a n t-w o rk  f a c t o r s .  
S l i p - l i n e  f i e l d  th e o r y  a l s o  e n a b le s  a c c u r a t e  p r e d i c t i o n s  t o  be
88(a)
made o f  t h e  shape  o f  th e  d e fo rm a t io n  zone d u r i n g  th e  p l a n e -  
s t r a i n  d e fo rm a t io n  o f  i d e a l  m a t e r i a l s .  Thus f u r t h e r  work t o  
e x p e r i m e n t a l ly  d e te rm in e  th e  shape  o f  th e  d e fo r m a t io n  zone 
when r e a l  m a t e r i a l s  a r e  defo rm ed  would p r o v i d e  u s e f u l  • 
a d d i t i o n a l  in f o r m a t io n  on t h i s  q u e s t io n .
88(b)
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KorEer  and E i c h i n g e r  a t t e m p t e d  a t h e o r e t i c a l  e s t i m a t e  
o f  t h e  r ed u n d a n t  work i n  w ire  d raw in g  Eased  on a s s u m p t io n s  
which were known t o  Ee n o t  s t r i c t l y  t r u e ,  and t h e i r  e x p r e s s i o n  
has  Eeen u se d  Ey a numEer o f  w ork e r s  t o  c o r r e c t  t h e  d i f f e r e n t  
w i r e - d r a w i n g  t h e o r i e s .  A l l  o t h e r  a t t e m p t s  to  a l l o w  f o r  
r e d u n d a n t  work i n  w i re  d raw ing  have Eeen Eased  on e m p i r i c a l  
d e t e r m i n a t i o n s  o f  th e  r e d u n d a n t - w o r k  f a c t o r  in  which  t h i s  
f a c t o r  has  become, i n  e f f e c t ,  a c o r r e c t i o n  f a c t o r  which 
a c c o u n t s  no t  o n ly  f o r  t h e  r e d u n d a n t  work E u t  a l s o  f o r  a l l  
t h e  i n a c c u r a c i e s  o f  measurement  and  p r e d i c t i o n  i n  th e  t h e o r y  
u se d .  Thus t h e s e  e x p e r i m e n t s  do n o t  c o n s t i t u t e  a f a i r  
a s s e s s m e n t  o f  t h e  v a l i d i t y  o f  th e  KErEer and E i c h i n g e r  
c o r r e c t i o n .  However f o r  t h e  f r i c t i o n l e s s  p l a n e - s t r a i n  d raw ing  
o f  an i d e a l  r i g i d - p l a s t i c  m a t e r i a l ,  s t r i c t l y  a c c u r a t e  s l i p -  
l i n e  f i e l d  p r e d i c t i o n s  o f  the  r e d u n d a n t  work a re  a v a i l a b l e ,  
and  th u s  f o r  t h e s e  i d e a l  c o n d i t i o n s  t h e  e f f i c a c y  o f  th e  
K'drEer and E i c h i n g e r  c o r r e c t i o n  can  Ee d e te rm in e d .
F o r  the  f r i c t i o n l e s s  d raw ing  o f  a n o n - h a r d e n i n g  s t r i p  
m a t e r i a l  the  KorEer  and E i c h i n g e r  c o r r e c t i o n  g iv e s ?
T h i s  has  Eeen d e r i v e d ,  a s  f o l l o w s ,  Ey an a n a lo g o u s  p r o c e d u r e  
t o  t h a t  o f  KorEer and E i c h i n g e r  f o r  w ire  o u t l i n e d  i n  s e c t i o n  
2.3*1* The s t r i p  m a t e r i a l  i s  c o n s i d e r e d  to  change f r o m
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f l o w i n g  p a r a l l e l  to  t h e  s t r i p  a x i s  t o  f l o w i n g  to w a rd s  the  
v i r t u a l  a pex  o f  the  d i e ,  in  th e  p l a n e  t h a t  i s  p e r p e n d i c u l a r  
t o  t h e  s t r i p  w id th  d i r e c t i o n ,  a t  the  i n l e t  bou n da ry  o f  th e  
d e f o r m a t i o n  zone,  and b a c k  a g a i n  a t  t h e  e x i t  boundary* Thus 
an e le m e n t  o f  the  i n g o i n g  s t r i p  i s  c o n s i d e r e d  to  s h e a r  
i n s t a n t a n e o u s l y  on c r o s s i n g  the  i n l e t  b o u n d a ry  th r o u g h  an 
a n g le  t h a t  v a r i e s  f ro m  0 f o r  th e  e l e m e n t  a t  t h e  s t r i p  
c e n t r e  t o  , th e  d i e  semi-bangle , f o r  t h o s e  e l e m e n t s  a t  t h e  
s t r i p  s i i r f a c e .  T h is  s h e a r i n g  i s  r e v e r s e d  a t  the  e x i t  
b o u n d a ry  and th e  t o t a l  work o f  t h i s  r e v e r s e d  s h e a r i n g  i s  
c o n s i d e r e d  t o  be the  r e d u n d a n t  work. The work done p e r  u n i t  
volume in  s h e a r i n g  t h r o u g h  the  a n g le  If i s  k K  f o r  s m a l l  
v a l u e s  o f  $ , where k i s  th e  s h e a r  y i e l d  s t r e s s *  Thus f o r  
an e l e m e n t a l  w id th  o f  t h e  s t r i p  o f  t h i c k n e s s  dy and  h e i g h t  
d x  a t  a d i s t a n c e  x  f ro m  the  c e n t r e  l i n e  o f  t h e  s t r i p ,  the  
work done on c r o s s i n g  t h e  i n l e t  b o u n d a ry  i s  kcAW dy doc. S in c e  
, where 2 t  i s  th e  t h i c k n e s s  o f  the s t r i p ,  t h e  work 
done on the  e l e m e n t  c r o s s i n g  th e  i n l e t  bo u nd a ry  i e R ^ w d y d x .  
The t o t a l  work done on e n t e r i n g  th e  d i e  i s  t h e r e f o r e
-x-fc
k 2c^vvdy d x  =kc<wt dy and  s i n c e  the  volume o f  m a t e r i a l
o t
e n t e r i n g  the  d i e  i s  2twdy> the  work done p e r  u n i t  volume on
e n t e r i n g  the  d i e  i s  . The same volume o f  m a t e r i a l  i s
s h e a r e d  th r o u g h  t h e  same a n g le  on c r o s s i n g  th e  e x i t  b o u n d a ry
and th u s  f o r  t h i s  n o n - h a r d e n in g  m a t e r i a l  the  t o t a l  r e d u n d a n t/ / t
work p e r  u n i t  volume i s  kc?<= • H e n c c  di<=(Y£+-7p)/Yf =1 + ^ | -
9k
T h is  f a c t o r  has  "been computed f o r  a ran g e  o f  v a l u e s  o f
v i  and £ and i s  g i v e n  in  T a b le  2 k . 0 k i s  compared in
t *Fig* 135 w i th  the  r a t i o  0  = d e r i v e d  by  Green and
H i l l  f ro m  s l i p - l i n e  f i e l d  t h e o r y .  I t  can be seen  t h a t  the  
K o rb e r  and E i c h i n g e r  c o r r e c t i o n  i s  a lw a y s  an o v e r e s t i m a t e  o f  
0  . Moreover th e  t e n d e n c y  o f  0  to  become n e g l i g i b l e  f o r  
l a r g e  r e d u c t i o n s  t h r o u g h  low a n g le  d i e s  i s  not  p r e d i c t e d .
The e r r o r  v a r i e s  f ro m  a b o u t  25% f o r  low v a l u e s  o f  0  down t o  
a b o u t  15% f o r  0 = 2 .
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i ip p e n d ix  2
Comparison  of  th e  r e d u n d a n t  work In  r o l l i n g  and, d ra w in g  
m easu red  b y  the  e q u i v a l e n t  s t r a i n  t e c h n i q u e .
No q u a n t i t a t i v e  e s t i m a t e s  o f  t h e  r e d u n d a n t  work i n  r o l l i n g  
have t e e n  r e p o r t e d .  However a l l  t h a t  i s  needed t o  e s t i m a t e  
r e d u n d a n t  work "by t h e  e q u i v a l e n t  s t r a i n  t e c h n iq u e  i s  a c c u r a t e  
t r u e  s t r e s s  -  t r u e  s t r a i n  c u rv e s  f o r  the  deformed and  un­
defo rm ed  m e t a l ,  and jncadx: t h i s  i n f o r m a t i o n  i s  p r o v i d e d  f o r
( 2 6 )
c o p p e r  "before and  a f t e r  r o l l i n g  in  a p a p e r  "by W a t t s  and F o rd  
on th e  "basic y i e l d  s t r e s s  curve  f o r  a m e ta l -  The y i e l d  s t r e s s e s  
o f  r o l l e d  copper  s t r i p s  of d i f f e r e n t  i n i t i a l  t h i c k n e s s e s  found  
b y  the  p l a n e - s t r a i n  i n d e n t a t i o n  t e s t  a r e  g iven  i n  F i g .  13 o f  
t h a t  p a p e r  t o g e t h e r  w i th  the  b a s i c  y i e l d  s t r e s s  c u rv e  f o r  the  
m a t e r i a l .  Only th e  f i r s t  p a s s e s  have been c o n s i d e r e d  to  
a l l o w  com par ison  to  be made w i th  s i n g l e  p a s s  wire  d raw in g .
F o r  t h e s e  the a c t u a l  s t r a i n  and th e  e q u i v a l e n t  s t r a i n  wore 
m easu red  from  t h a t  f i g u r e  u s i n g  a r u l e r  marked i n  h u n d r e d t h s  
o f  ah i n c h .  The e q u i v a l e n t  s t r a i n  was t a k e n  a s  t h a t  s t r a i n  
on th e  b a s i c  y i e l d  s t r e s s  curve  c o r r e s p o n d i n g  t o  t h e  m easured  
y i e l d  s t r e s s  o f  the  r o l l e d  s t r i p .  T h i s  method w i l l  g iv e  t h e  
same r e s u l t s  a s  t h a t  o u t l i n e d  in  s e c t i o n  2 -3 * 2 ,  a s  l o n g  a s  th e  
e f f e c t  o f  e l a s t i c  s t r a i n  i s  n e g l i g i b l e .  I t  i s  t h o u g h t  t h a t  
t h i s  t e c h n iq u e  e s t i m a t e s  the  m e a su re d  s t r a i n s  t o  ± 0 . 0 0 1 .
The r e s u l t s  a r e  g iv e n  in  T ab le  22.
The r e d u n d a n t - w o r k  f a c t o r s ,  0  , i n  th e  f o u r t h  column o f  
T a b l e  22 f o r  r o l l e d  copper  s t r i p  a r e  compared i n  T a b le  23
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(10)
w i t h  those  o b t a i n e d  by v v i s t r e i c h  f o r  drawn c o p p e r  w i re .
The "mean d i e  a n g l e s ' 1, , i n  t h e  secon d  column o f  T ab le  23
have been  i n c l u d e d  t o  a l l o w  a ro u g h  com par ison  to  be made o f
t h e  g e o m e t r i e s  o f  th e  defo rm ing  r e g i o n s .  They have been
o b t a i n e d ,  a s  i l l u s t r a t e d  in  F i g .  136,  f o l l o w i n g  a s u g g e s t i o n  
(23)
b y  Green f o r  c y l i n d r i c a l  d i e s  i n  s t r i p  d raw ing .
1 — rW i s t r e i c h  fo u n d  t h a t  0  v a r i e d  d i r e c t l y  w i th  cL — 
f o r  w ire  d raw ing .  T h i s  p a r a m e t e r  i s  shown i n  th e  f i f t h  
column o f  T ab le  23 where the  a p p r o p r i a t e  v a l u e s  o f  o<Vi were 
u s e d  in  i t s  c o m p u ta t io n  f o r  r o l l i n g ^  F i g .  137 shows th e
1 |r
v a r i a t i o n  o f  0  w i th  oC -    ■ . The r e s u l t s  a re  few i n
number b u t  the  f o l l o w i n g  o b s e r v a t i o n s  seem i n d i c a t e d :
1. The n a t u r e  o f  t h e  dependence  o f  r e d u n d a n t  work on the  
geo m e try  o f  th e  d e fo rm in g  r e g i o n  a p p e a r s  to  be s i m i l a r  f o r  
b o t h  w ire  d raw ing  and r o l l i n g ^
2. Even f o r  low d i e  a n g l e s  r e d u n d a n t  work i s  se ldom  
n e g l i g i b l e .  There  i s  no i n d i c a t i o n  o f  th e  i h t e r c e p t  oh th e  
o r d i n a t e  such  a s  i s  p r e d i c t e d  f o r  p l a n e - s t r a i n  i n d e n t a t i o n  
and d ra w in g ,  and  which has  been fo u n d  f o r  p l a n e - s t r a i n  
i n d e n t a t i o n  and f o r  w ire  d raw in g  u s i n g  t h e  e q u i v a l e n t - s t r e s s  
t e c h n i q u e  o u t l i n e d  i n  s e c t i o n  2*3*
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FIGURES.
The f o l l o w i n g  c o n v e n t io n  i s  employed u n l e s s  o t h e r w i s e  
i n d i c a t e d :
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FIG 23 WATER CCXJLING ARRANGEMENT
MAINS PRESSURE WATER,
10 JETS FROM 0 0 7 0 'd IAMETER 
HOLES PASSING 12 LITRES/MIN
116
FI
G.
 
25
. 
CU
RV
E 
FI
T
T
IN
G
117
<  LU
cr h- 
q  <
b
FI
 G
. 
26 
TH
E 
DE
FI
NE
D 
YI
EL
D 
PO
IN
T
118
b
FI
G
. 
27
. 
D
EF
IN
IT
IO
N
 
OF
 
0-
1 1 9
uu
LU□
Ixl
i
FI
 G
. 
28 
DE
TE
RM
IN
AT
IO
N 
OF
 
Gf
120
FI
G
. 
29 
C
O
M
PA
R
IS
O
N
 
O
F
J&
I&
X
*
1 2 1
*o
u)
b
load  f i g  3Q-
( k g )  T E N S I L E  T E S T S  1-7
1800
•1200
600 ^
£
001 0-02 003
EXTENSION (cm )
LOAD F I G  31
( kg)
T E N S I L E  T E S T S  8 - 1 6r 18O0
‘1200
-600
001 0 02 0-03 00 A
EXTENSION (cm)
L O A D  
( kg )
FIG 32
TENSILE T E S T S  17-22” 1800
“ 1200
“600
0.02 0j030.01
EXTENSION ( c m )
F I G  3 3L O A D  
( kg )
T E N S I L E  T E S T S  23-31
'1200
600
0-01 002 0-03
EXTENSION ( c m )
LOAD 
(kg ) 
-1800
F I G  3 4
T E N S I L E  T E S T S  3 2 - 3 9
-1200
600
001 0 0 3
EXTENSION (cm )
LOAD
(kg)
[-1800
F I G  35
T E N SI LE  T E S T S  4 0 - 5 4
50
4 8
4 5
002 0 0 3
EXTENSION (cm )
0-04
LOAD
( k g ) F I G  36
T E N S I L E  T E S T S  5 5 - 6 3r 1 8 0 0
-1200
\  6 2 8 . 6 3
EXTENSION ( c m )
LOAD
(kg)
M800
F I G  37
T E N S I L E  TESTS 6 4 - 7 3
1200
728.7'
0 0 3
EXTENSION ( c m )
LOAD
( kg )
f 1800
F I G  38
T E N S I L E  TESTS 74 -85
0-01
EXTENSION (c m )
LOAD FI G 39
(kg)
T E N S I L E  T E S T S  8 6 - 9 8
001 0 0  3
EXTENSION ( c m  )
F I G  40
T E N S I L E  T EST S 9 9 - 1 0 4
i
100‘
1 * » » 1 « . 1
002 0-03
EXTENSION (c m )
FI G 41
L OAD ------------
(kg) TENSILE T E S T S  1 0 5  -  114
M800
111 -1 U
108 109&110107
106105
001 0-04/
EXTENSION ( c m )
LOAD H G  4 2
(kg) T E N S I L E  T E S T S  115-122
1800  ----------------
•1200
1218.122
0-01 0 0 2  0-03
EXTENSION (cm )
LOAD
(kg)
F IG 43
T E N S IL E  TESTS 123-134 & 144-147
12|9  1 3 0  13iI 132
126
001
EXTENSION ( c m )
LOAD
( kg)
F IG  A A
TENSILE TESTS 1 3 5 - U 3 & U 8 - 1 53
151
150
1800
148
141 142 1 4 3
1200
002
EXTENSION ( c m )
137
o
CM
CO
CD
IT )  L D
^  CO 
O O
>
CD
lU
O O U J 
t— CO—\
6 0 ^  
!—
LD-
CD
CM
LD
CO
CO
LD LD 
O  CM 
O O
CO
O
CM
COLD
MT CD
MS -
LD
    £> 2
( Z U I /  J.UO!) S S 3 H 1 S  3 n a lCM
138
o
CDro
O O
co
c o 0 4<r
toco
CO
LO LO O  OJ
O O
cr
CD
CO3
LD
o
Oi
LO
  £  2
( zu!,iuoi) SS3dlS 3 n a l
o
CNI
TR
UE
 
S
T
R
A
IN
13 9
o
LO
LO
o
CD
^r
co
o
o
toCO
<r
co
h-
LO
<r
LOo
o
CO ,
<r
—  ------- o  o
( zui./*uoi) SSBdlS 3na 1
V
140
LDCO%
OmtLO
>
o
c p  2 :
oCO
LO
CM
LO I—
LOCO
O
1—
LO
LOo
CM
LO
CM
( z u \ n u o \ )  s s a u f s ' 3 n a i
141
CJ
o
o
CP
LO
o
CD
LOCD><r
co
CP
LO
CM
CP
LO
LO O
LOOLO
( 2U!./*uoi) SS3dIS  3Hdl
TR
UE
 
ST
R
A
IN
20
1- 
FI
G 
50
, 
TR
UE
 
S
T
R
E
S
S
-l
R
U
E
 
ST
RA
IN
 
C
U
R
V
E
M
AT
ER
IA
L 
5
142
o
o
CM
LO
O
O
O
LlI
t""
CD
LOO
O
MT
CD
LOOLO
( z U ! / i U 0 i )  S S 3 H 1 S  3nai
1 4 2
oCNJ
o
00
O
00
LO
o
cr>
CO'
CD
ID
O
CD
LO D
DOOslDCM
( z u ! / * u o i j  s s a d i s  3 n a i
FI
G 
52
. 
TR
UE
 
ST
R
E
SS
—
TR
UE
 
ST
RA
IN
 
C
U
R
V
E
 
M
AT
ER
IA
L 
6 
(c
on
t.
)
144
o
o
LO00
oLO00
£  Z  00 __
o  <
00
LU
0000
LO
CM
O
CXIoo
o
oo
( 3 U ! / ±uo } ) sS 3d lS  3HU1
CD .
CO . 
CD
ID
O
>
CD
O
O
O
CD
C^  
CO .COID
Ll CD
CO
oLDO
CN
( z u\nuo\) s s 3 d i s  3 n a i
FIG
 
54
. 
TR
UE
 
S
T
R
E
S
S
—
TR
UE
 
ST
RA
IN
 
C
U
R
V
E 
M
A
T
E
R
IA
L
 
7 
(c
on
t.
 
)
LO
00
o
O  h-co 
o  .
CO
CD
LO
CNI
6LO
CD
CD
LO
CNOCD
( Zu!/iucn) SS3U1S 3 n u i
LO
CN]
O
co'
O
CNI
LU
>
o
coo
o
LO
CNIo o
CD
O
O
CO
O o
LO
LO
oo
o
CD
O
LO
O
O
rvlc
LO
CD
CD
&O
CNJ
LO
TR
UE
 
ST
R
A
IN
FI
G 
56
. 
TR
UE
 
S
T
R
E
S
S
—
TR
UE
 
ST
RA
IN
 
C
U
R
V
E
 
20
f 
M
A
TE
R
IA
L 
9
148
oCM
O
CNI
CNI
LO
O
CNJ
oCNI
O
o
CD
CO
LO
O
o
CO
LO
OLO
<cr
i— 
LO
Ll )
IDcr
( z U!/*uoj) S S 3 y i S  3 n d i
149
oo
O
o
CO
LO
O
o
00CNI
O O  I—
o o
LO
COCNI
LO
CNI
00
OO
00 O
CNI
o
LOLO
CNJ
( 2 U ! / | U 0 1 )  S S B b l S  3 h a i
FI
G 
58
. 
TR
UE
 
S
T
R
E
SS
—
TR
UE
 
ST
RA
IN
 
C
U
R
V
E
150
( 2 uj / j u q ; )  S S 3 H 1 S  3nUl
FI
G 
59
. 
TR
U
E 
S
T
R
E
S
S
—
TR
UE
 
ST
RA
IN
 
C
U
R
V
E
 
M
A
TE
R
IA
L 
11 
(c
on
t.
)
151
LO
CO
O
o q:
CO |_
o  u i
CN
LO
CN
o
o
CO
( z m / i U O i )  S S 3 H 1 S  3FIU1
FI
G 
6
0
.
TR
UE
 
ST
R
E
SS
-T
R
U
E
 
ST
RA
IN
 
C
U
R
V
E 
M
A
TE
R
IA
L 
12
152
oCNI
o
LO
o
CO­
LO
O
o
LO
CO-
NT
O
LO LO LOo
po
CD
ca
o
CO
LO
CO
( z u\uuo\) ss3dis  3nai
FI
G 
61
. 
ST
R
A
IN
-A
G
E
 
H
AR
DE
NI
NG
 
OF
 
M
A
TE
R
IA
L 
12 
RO
LL
ED
 
VA
RI
OU
S 
A
M
O
U
N
TS
153
CD OLD
O
LD
O
O
O
ID
OOCN
O
LOOLO
csj
(0£ AH) S S 3 NQUVH
CO
> •
<
Q
LlJ
O
z:
QJ
CD
<
rL
OA
D 
FI
G
. 
62
 
T
E
N
SI
L
E
 
TE
ST
S 
15
4-
16
2
1 5 4
CD
jx:
O
O
CD
JZ_
oo
CNI
CD
LO
CNI
CD
CO
O
O
O
CD
LO
CNI
O
O
CD
LO
LO
LO
LO
O
O
Oo
CD
Eo
O
CO
z:
LU 
1— 
X  
UJ
FI
G
. 
63
 
TE
N
SI
LE
 
T
E
ST
S 
16
3-
16
9
155
CD
CD
CD
O
o
COo
O
ID
CD
CD
CD
00
CD
CD
CD
O
O
< a > §co
oo
CNI
oo
CD
E
X
T
E
N
SI
O
N
 
(c
m
)
FI
G 
64
 
TE
N
SI
LE
 
TE
ST
S 
17
5,
17
7.
18
2.
18
5.
18
6,
19
2.
20
1,
20
6
156
Q
<
O
CD
jx:
<ro
oLO00
COO
o
CM
00
CNJo
o
C£)O
CSI
LO
o
O
O
OCO
O
O
CD
EX
TE
NS
IO
N 
(c
m
)
FI
G.
 6
5 
TE
N
SI
LE
 
TE
ST
S 
17
0-
17
4,
17
6.
17
9.
20
3.
20
8-
21
0.
21
4
157
CD
o
o
COo
o
CNI
00
CDO
CNI
o
CNI
00o
CNI
CD
O
o
oo00
O
O
CN
O
O
CO
cn
EX
TE
NS
IO
N 
(c
m
)
FI
G
. 
66
 
TE
N
SI
LE
 
TE
ST
S 
18
4,
19
0.
19
1,
19
7,
21
1,
21
2,
21
6.
21
78
.2
18
.
o  ^
<  cn 
O_i ^
oo
CM
CSI
CM
CM
COo
O
oCT)
CSI
O
o
N-00
o
O
O
O
CN
O
O
00
Oo
CD
EX
TE
N
SI
O
N
 
(c
m
)
FI
 G 
67
. 
T
E
N
SI
L
E
 
TE
ST
S 
18
7,
19
4,
20
0,
20
2,
20
5.
23
6-
23
9.
 
H
80
0
O  jjJ
(6>i) avoi
o
<SJ
LO CSICSICSI
CO
CSJ
CSI
CO
CSI
CSJ
CD
CD
COo
oCDCD
CD
CD
CD
CD m
cn
COLO
CD
CO
CD
.O
O
00
CD
OO
00
OO
CsJ
OO
CD
FI
G 
69
. 
TE
NS
IL
E 
TE
ST
S 
20
7,
22
0,
22
4,
22
5,
24
0.
24
1,
24
58
.2
46
.
Q✓—x
< cn
O
161
in
CN
CSI
O
O
COo
o
CD
LO
O
CSI
CN
O
o
oo
00
oo
CNI
oo
CD
EX
TE
N
SI
O
N
 
(c
m
)
LO
AD
 
FI
G 
70
. 
TE
NS
IL
E 
TE
ST
S 
17
8.
18
0,
18
1,
18
3.
18
8,
18
9.
162
°0 
00 ^
oco COco
o
CsJ
o
LO
O
00
O
O
CO
CO
LOo
O
Oo OO
CsJ
EX
TE
NS
IO
N 
(c
m
)
FI
G 
71
, 
TE
NS
IL
E 
TE
ST
S 
21
9.
22
1.
22
6-
22
8.
23
3-
23
5&
24
7.
1 6 3  s
csi
cn
csi
cocsj nt_ o
o
noco
CN
COo
oCNCN
CsJ
O X
o  LU
O
O
OO
00
O
O
CsJ
oo
CD
cn
FI
G 
72
. 
TE
NS
IL
E 
TE
ST
S 
2
2
9
-2
3
2
,2
42
-2
4A
.&
 
25
1.
164
o
o
COo
o
oo
CN
CsJ
o
o
o
o
Q
<
O
Oo00
ooin
oo
ID
cn
E<j
LO
2
LU
I—
X
LU
165 oin
C"-
LO
CSJ
cd
LO
LO
CSJ*
CO
LO
Csi
LO
Csi
o '
LO
Csi
I
00
'vT
CsJ
U1 
I— 
CO 
LU
LU
_I
CO
z
LU
I—
CO
O
L -
O
<
O
cr
jx:
00CD*4-CSJCN
LO
CN
CNin
CN *<ro
o
inin
CN
COo
o
o
o
oooo
EX
TE
NS
IO
N 
(c
m
LO
AD
 
FI
 G 
74
. 
TE
NS
IL
E 
TE
ST
S 
25
A
,2
56
,2
58
,2
59
.2
63
-2
65
.
166
°0 in ICM COCO
CM
.o
o
ml
COin
CM
COo
o
mTmCNI
X
o
o
oo
CSI
oooocn
LO
AD
 
FI
G 
75
. 
TE
NS
IL
E 
TE
ST
S 
2 6
2.
26
7,
26
8 
8.
27
2.
167
OJ
CD
CN
CN
CN CD
CN
CO
O
o
CD
CD
CN
X
LU
O
O
O
O
CN
oo
CD
O
O
CD
cn
FI
 G 
76
. 
TE
NS
IL
E 
TE
ST
S 
26
0.
26
1.
2-
71
&
27
5.
CD
CN
O
CD
CN
NT
O
O
LO
CN
COO
O
X
o
o
oo
CN
OO
co
oo
CD
FJ
_G
_7
7.
 
TE
N
SI
LE
 
TE
ST
S 
26
6.
26
9.
27
0.
27
38
.2
74
169
CD\
CN NT
CSI
CO
O
OCD
CD
CN
CD
CD
CN
X
LU
O
O
O
O
00
O
O
CM
O
O
CD
cn
LOAD
(kfl)
F]_G_78. TENSILE TESTS 276-278 ?8na.?89
2801-2 A 00
M800
H200
002 , n 
EXTENSION (cm)
003
f  IG 79 TENSILE TESTS 279.281.  2 8 3 & 284.
283
H800
001
EXTENSION fcmf
FI
G 
80
. 
nF
FI
N
FD
 
YI
EL
D 
PO
IN
T
S.
 
M
AT
ER
IA
L 
1
ID
CD
O
CD
CD CDLO
LO
O
LO
LOO
cn
LD
LOCD
CD LD
O
O
CO
LD
OO
CNI
FI
 G 
81
. 
H
FF
IN
FD
 
YI
EL
D 
PO
IN
TS
. 
M
AT
ER
IA
L 
1
CD
CD
LO
CO
O
LD
CD
O
CO
O
CD
LCD
CN
O
00
CD
OID
b  \ f )
FI
G 
82
. 
D
FF
IN
FD
 
YI
F1
.D
 
PO
IN
TS
 
M
AT
ER
IA
L 
2
o
CM
O
00 
LO GO 00
LO
O
00CO CO
CM
,00
O
O0000 COo
CO MToo
oo
LOo
O
OLOO
CM
FI
G 
83
. 
DE
FI
NE
D 
YI
EL
D 
PO
IN
TS
 
M
AT
ER
IA
L 
2
175
CD
LO
OO
O
LO
O
00
o00oo
CN
o
CD
CD00
CD
00
O
00
OLOO
CN
FI
G 
84 
H
FF
IN
FD
 
YI
EL
D 
PO
IN
TS
 
M
AT
ER
IA
L 
2
1 7 6
FI
G
fi
B
. 
DE
FI
NE
D 
YI
EL
D 
PO
IN
T
S.
 
M
AT
ER
IA
L 
3
177
o
o
LO
o00o
CN
o
O  HJ
o
CN
LO
O
o
— \
o  — \ —
CN
oLOo
CN U)
FI
G 
86
. 
DE
FI
NE
D 
YI
EL
D 
PO
IN
TS
. 
M
AT
ER
IA
L 
3
178
LO
CO
O
O
o
00
oLD
CN
O
CN
o
CN
O
O
CNLDCN
(/)
FI
G 
87 
nF
FI
NF
D 
YI
EL
D 
PO
IN
TS
 
M
AT
ER
IA
L 
A
17 9
i \ o j\  L c n
\ > —  _
- \ —  —  -  102
csi
O
c n
o
LO
o
o
o
^W cNcn
LO
o
o
co
CN
oLO
FI
G 
88
. 
DE
FI
NE
D 
YI
EL
D 
PO
IN
TS
 
M
AT
ER
IA
L 
5
CSI
CN
o
CN
O
- \ ----------
CD
CN
CN
LD
------- O
cn
CN
ICN
\ ^  V co
\ £ N  
- \-------
CN
CO
CN
CO
CN
CN
OLDO
CN
F|
 G 
89
 
D
FF
IN
ED
 
YI
EL
D 
PO
IN
TS
 
M
AT
ER
IA
L 
6
181
° o
O O
OJ
CO
CO
OJ
— V -
Ol
CD
CO
OJ
o br
COOl
----
O
CD
CO
O l
0
01
-
-  -
001LDOJOCO
b 'in
FI
G 
90 
D
EF
IN
ED
 
YI
EL
D 
PO
IN
TS
 
M
AT
ER
IA
L 
7
182
o
CO
s r
csi.CN L O OOOO
O O
CN
NT
CN
~ V
LOO
CN
LO
CN
t o
DE
FI
NE
D 
YI
FI
.D
 
PO
IN
TS
 
M
AT
ER
IA
L 
8
183
~ r
o
LD
LO
OJ
LOCsl
CD
Csl
CO*<rCNI
LOLOPCNI
l o o
Csl
LO
CNI
CD
OLO
b  ^
FI
G 
92 
DE
FI
NE
D 
YI
EL
D 
PO
IN
TS
 
M
AT
ER
IA
L 
9
CM
CD
CM
O
CM
\  CD V CNI
--V  —
cn
CD
CNI
CD
CD
LOCNI
O
CD
CDCM o o
CT>
LOCNI
— I -  
\
NT 
CD . tCM \
L O O
O C M
O O
— * —
LO
CM
IN-
CD
— \ - ^ = r
\  \ LO
—V— \----
CO* \
CD
CM
OLO
FI
G 
93 
DE
FI
NE
D 
YI
EL
D 
PO
IN
TS
 
M
AT
ER
IA
LS
 
10
&
11
185
o
t>-
CNI
00!>•
CNIO
CNI
L O O  OO0
O O
LO 
IN' 
K^CNI \  —— —\----
.CN
O
CN
LO
CN00
b'«2
FI
G 
94
 
DE
FI
NE
D 
YI
EL
D 
PO
IN
TS
 
M
AT
ER
IA
L 
12
CNI
-  -V------ O
o
CO
CO
CNI
H—
o
GO
CN|
00
CN
00
CN
C"-
CN
CO
LDO
O C N
O O
- \ ---
00
CN
O
CO
oo
LO
13
FI
 G 
95 
W
ID
TH
 
RA
TI
O 
y 
TR
UE
 
ST
RA
IN
 
M
AT
ER
IA
L 
1
187
."o
LO
CO
~o
)o
LO
o
u
IDTD
LO
o
LO
o
OlCO
CO
o
CD
CO
CO
o
ooooo
COoo
FI
G 
96
 
W
ID
TH
 
RA
TI
O 
^T
RU
E 
ST
RA
IN
 
FO
R 
TH
E 
5° 
DI
E
188
\ x
00
o
o
TD
LO
OO,
OJ
CD
CDOo
ooo
CD
CDG)&O
v>
COo
OJ
o
*\J
o
CO
o
CNI
o
FI
 G 
98 
TH
E 
EF
FE
C
T
 
OF
 
DR
AW
IN
G
 
C
O
N
D
IT
IO
N
S 
M
A
T
E
R
IA
L
S
\
\
A
z
UJ <  _  CJ
<
o
E
CD
Z)
cn
oo
ZD
_ l
O
<30 a ©
q : c
i— E -CO
c3 H—
CO
CO
F—<
Z
•
<
o :
Q
>
co
O
Csl
o
FI
G 
99 
TH
EE
FF
EC
T 
OF
 
DI
E 
G
EO
M
ET
RY
 
M
A
TE
R
IA
LS
 
1&
2
191
o
CNIi LO;
O
LO
CN,
LOJ
00
LO'
CO
o
CN
O
5>0
o
co CN
o
FI
G 
10
0 
TH
E 
EF
FE
C
T 
OF
 
DI
E 
G
EO
M
ET
R
Y
 
M
A
TE
R
IA
L 
3
192
ID
O
LO,
Oo
C<J
O
CO
F
1 G 
10
1 
JH
E 
EF
FE
C
T 
OF
 
DI
E 
G
EO
M
FT
R
Y
 
M
AT
ER
IA
L 
A
193
194
LO
LO
O
CN
O
LO
CO
CO-
CN
CN
CN
CN
CO
o
CN
O
O
CO
o
CN
FI
G 
10
3 
TH
E 
EF
FE
C
T 
OF
 
DI
E 
G
EO
M
ET
R
Y
 
M
AT
ER
IA
LS
 
68
,7
19 5
19 G
oo
o>■1
LO
CNI O
CNI
LO'
CNJ
o o
CN00
<
1 9 7
cr>
<
cr
UJ
CO
o
LD OLD
O O
LD
oo
CD
CNI
O o
co
o
(Sj
19 8
c3
o
CO
<
cr
LU
cr
\—
LU
O
LU
O
LU
5
Ll
O
I— 
CJ 
LU 
Ll  
Ll  
LU
LU
X
CD
O
o
Ll
co
o
o
csi
o
LO
o
o
CO
90
FI
G 
10
7 
TH
E 
EF
FE
C
T 
OF
 
DI
E 
G
EO
M
ET
RY
 
M
AT
ER
IA
L 
12
199
CNI
O
ID
LD
O
OO
CO
FIG
 
108
 
0
a
-'&
 
5 
D
jE
200
co
o
:0
o
o
CO
FI
G 
10
9 
0a
 
10 
D
IE
201
o
o
o
CO
oto
lO
/ /
o
U-
o
CO
CO
o
_OJ
oo
CNI
c r
CJ
Ll I
I—
oo
<  CNJ
c?
CO
<2,0^ \
oo
o
LO
o
O
-CLO
g
LO
O
o
NT
t—.
<3
t—„
o
2 0 ’? F J G J I S
1001
ts'O
208
100
80 -
(tsi)
20 9
6 0 RH*£ 5 DIE
B-0
3-0
2-0
^ 0
f\G
2 1 1
FIG 119 CORRELATION BETWEEN 0 A & H
X
1-2 -
100
H - 
(tsi)
2-0 -
1-8 -
1-6 -
4 0  60  80 100
(tsi)(tsi)
212
FIG 120 CORRELATION BETWEEN 0A& RH
2-6
2 0 -
213FIG 121
2 2
CORRELATION
BETWEEN 0 a&Y
2 0
1-4
(tsi)1-4
XX
( t s i )
1-02-6
Y—(tsi)2-2
2-4
2-2
18
0A2-0
(tsi
214
O
LU
CCcno
u
CN
CN
o
o
z
LU
LU
5
I— 
LU 
OQ
LO
00
LD
» o
ID  o  
II II 
^  90
LOCD
CD
LDLD
CJ
0000
LD
LOO 
II II Y 50
LD
LD
O
OO
CN
00
FIG
 
12
2(
co
nt
) 
CO
RR
EL
AT
IO
N 
BE
TW
EE
N 
J&
&
C
215
LO
CO
CSJ
O
CSJ
ooCSJ
CSI csi
XX
CO
o
LO O  
II II
CSJ
csf
r 
FIG
 
123
 
RE
DU
ND
AN
T 
WO
RK
 
PR
ED
IC
TI
O
NS
C
/D
2 1 7
$ \  \ \
218
219
o
CD
ID
1—
cc\
CD
CSJ
Oo
00
o
40
TF
I 
G 
12
7 
RE
DU
ND
AN
T 
W
OR
K 
PR
ED
IC
TI
O
N
S
o
GO
CD
O
CD
O
CNI
O
CO
o-00
CD
00
O
CSJ
O
00
222
\  %
2 2 3
o
i—
o
CO
CN
O
CO
o
CO
o
<
224
40
r 
FI
G 
13
2 
W
IS
TR
EI
C
H
'S
 
P
A
R
A
M
E
TE
R
M
AT
ER
IA
LS
 
1&
2
225
<7
<J
<*B
<1
%>
ID
CO
CSI
o
CO
o
(1
-r
)/
r
LO
CO
CSI
CO
o
CO
CO
CO CSI
LO
O
oCN]
LD
O
h- 00
b-
o
o
> o
CJ
LD
O
O
CO
Ll_
O
CO
o
C<]
o
FI
G 
13
5 
R
ED
U
N
D
A
N
T 
W
OR
K 
IN 
TH
E 
FR
iC
Tl
O
N
LE
S
S
 
P
L
A
N
E
-S
T
R
A
IN
 
DR
AW
IN
G
 
OF
 
AN
 
ID
EA
L 
M
A
T
E
R
IA
L
228
FI
G 
1 3
6 
TH
E 
"M
EA
N
 
DI
E 
A
N
G
LE
" 
IN 
R
O
L
L
IN
G
229
JZ
-clo:
jC-
230
FIG 137 COMPARISON OF THE REDUNDANT WORK
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REDUHDJffiaVWOBK FACTORS DETEHMIIiEDBY WISTREICH
* ° MIX
I
.33 STEE
■
18/8 sm  
£
UNLESS STEEL
f
ELECTP
£
X3LYTIC COPPER
/
10
10
2
2
0.09
0.16
0 .09
0.15
0.14
0.25
0.10
0.17
1.6  
1.6  
1 .1  
1*1
0 .08
0.17
0.08
0.17
0.20
0.27
0.10
0.18
2 .5
1.6 
1.3 
1 .1
0.07
0.17
0.07
0.16
0.17
0.26
0 .09
0.18
2 .4
1 .5  
1 .3  
1.1
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TABLE 2
REDURPAHT- WORK FACTORS DETERMINED BY JOHNSON MB ROWE
MATERIAL
0.25
a  / ms '
0.50 0.75
Work-hardened copper 1.08 1.27 1.46
Annealed 60/40 b rass 1.09 1.25 1.40
Work-hardened 60/40 b rass 1.06 1.25 1.44
Annealed aluminium 1.04 1.21 1.38
Work-hardened aluminium 1.10 1.31 1.52
Annealed mild s te e l  (0.12^C) 1.08 1.27 1.45
Work-hardened m ild s te e l 1.03 1.26 1.48
TABLE 3
RBBULDAM' WORK IH FRICTIOKLESS DRAWIHG OF IDEAL MATERIALS
oC r t/Y 'c
— jr©~ 0*022 2 .4 3
0 .0 3 8 I .89
0 .0 5 7 1 .4 8
0 .0 7 4 1 .3 0
0 .097 1 . 13
0*110 1 .0 7
6 .1 2 7 1 .0 4
0*148 1 . 00
0 .1 7 2 1 . 00
6 .2 7 6 1 . 00
0 .3 1 2 1 .0 0
10° 0 .0 4 3 2*48
0 ,0 7 1 1*92
0 .1 0 4 1*55
6 .1 3 3 1*35
0 .1 7 3 1*17
0 .2 2 5 I .05
0.258 1 .0 2
0*294 1*00
0.330 I .O I
0 .456 I .O I
0.501 I .  00
0 .5 4 4 I .O I
15° 0 .0 6 8 2.40
O .I I I 1 .8 6
0 .1 6 2 1*49
0 .2 0 7 1*29
0 .2 6 5 1 . 13
0.300 1 .0 7
0 .3 4 1 1 .0 3
oC r
15° 0,384 I .O I
0.427 I .O I
0*467 1.02
0.582 1.02
> 0.627 I .O I
20° 0.094 2.35
0 . I 2 I 2.06
• 0,155 1*79
0.199 1*55
0.252 1*34
> 0.319 X.I7
0.360 1 .10
0.406 I .05
25° 0.123 2.28
0.159 I .98
0.203 1.72
O.258 1.48
0.325 1.28
0.364 1.20
0.409 I..I3
0.458 1.0700ro 0 .1 5 2 2 .2 2
0 .2 0 0 I .9 I
0.254 1*66
0*320 1*43
0.359 1*33
0 .4 0 1 1.24
0,448 1 .16
0.500 1 .10
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TABLE 4
THE RELATIONSHIP BETWEEN $  AMD e/o
t c / d /  c/D
2.57 8.72 1.06 1.45
2.48 8.04 1.02 1 .21
2.31 6.88 1 .00 I .  00
2.14 5.90 I .O I 0.86
1.98 5.06 1.03 0.77
1.83 4* 34 1.04 0.72
1.69 3.73 1.04 0.71
1.55 3.20 1.04 O.69
1.43 2.75 1.03 O.6 5
1.32 2.35 I .O I 0.58
1.22 2.01 1 .00 0 .50
1 .13 I .  71
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THEORETICAL PREHICTIOKS OF THE EFFECT OF FRICTION 
OB THE PBAWIBG STRESS BEE IIQH~HARDEM IIIG MATERIALS
o6° T / * V * * ^hnA hk Siebel
(H ill-T upper) (Sachs) approxim ation
5 0.050 0.104 1.62 2.10 2.12 2.19
0.100 0.107 1.11 2.10 2.09 2.22
0.134 O .I65 1.03 2.52 2.53 2.88
0.137 0.121 1.02 2.15 2.16 2.39
0.140 0.079 1.02 1.78 1.7 8 1.93.
0.144 0.039 1.01 lo39 1.39 1.44
0.172 0.150 1.00 2.34 2.32 2.71
15 0.100 0.102 1.98 1^35 1.35 1.38
0.200 0.104 1.32 1.33 1.33 1.39
0.314 0.175 1.06 1.49 1.47 I .6 5
0 .320 0.130 1.05 1.37 1.35 1.49
0.327 0.108 1.05 1.25 1.24 1.32
0.333 0.043 1.04 le 13 1.12 1.16  1
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TABLE 6
DESCRIPTION OF MATERIALS USED
MATERIAL DESCRIPTION
I ANNEALED HIGH-OONDUCTIV1TY COPPER
2 »> CO 1 H i 1 . (REPRODUCIBILITY CHECK)
.3 c^-^RASS
'*4 MATERIAL I ROLLED TO 3.-8$ REDUCTIOH IB THICK1IESS
.'5 It it 5 - ¥  : II
7 MATERIAL 3 ri 4 .0 $ ft
6 ii »♦ 4 .5 $ II
..8 MATERIAL I ii 8 .0 $  [ II
9 < it 9«5$ II
1 1 MATERIAL 3 it e.c% ; If
1 0 t! it 8 .4 $ It
12 MILD STEEL AS RECEIVED ■ "
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TABLE 7
ROLLING REDUCTIONS
MATERIAL BOMI1AL REDUCTION 
IN THICKNESS. (#)
ACTUAL REDUCTION 
11 THICKNESS ($)
4 /I 3,8 i  0 .4
5 6 5*1 -  0 .2
7 4 4*0 t  o . l
6 4 4 .5  i  0 .2
8 8 8 ,0  £  0 .4
9 10 9 .5  -  0 ,2
11 8 8 .0  ±  0 .1
1 0 8 8 .4  ±  0 ,1
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TABLE 8
TENSILE TESTS ON UNDRAWN MATERIALS
TENSILE MATERIAL DIMENSIONS BEFORE d im en sio n s ' a fter
TEST STRETCHING (INCHES) STRETCHING (INCHES)
THICKNESS WIDTH THICKNESS WIDTH
I 1 0 .1242 0 .5050 0 .1 2 3 0 0 .5011
2 it it 0.1218 0 .4 9 6 6
3 it ti 0 .1208 0 .4 9 1 9
4 it tt O . I I 96 0 .4 8 7 4
5 it tt 0 .1181 0 .4 8 1 4
6 »i it 0 .1168 0 .4 7 5 8
7 it it 0 .1 1 3 9 0 .4 6 5 0
8 i» 11 0 .1 1 2 4 0 .4 5 9 1
9 n tt 0 ,1109 0 .4 5 3 3
10 n tt O .IO 97 0 ,4 4 8 0
11 it it 0 .1 0 8 4 0 ,4 4 3 2
12 ii tt O .IO 7I '0 .4 3 8 2
13 0 .1238 0 .4 9 8 2 0 ,1 2 2 5 0 .4 9 3 4
14 »t tt 0 .1208 0 .4 8 7 3
15 ii 11 O .U 96 0 ,4 8 2 3
16 ti 0 ,1183 0 .4 7 7 5
17 « tt 0 .1160 0 .4 6 8 7
18 it it 0 .1146 0 .4 6 3 0
19 it tt t* 0 .1 1 3 2 0 .4 5 7 7
20 n tt 0 .1 1 1 6 0•4514
21 it tt 0 .1 1 0 2 0.4460
22 tt tt 0 ,1 0 8 8 0 .4 4 0 5
23 n tt 0 .1 0 7 1 0 .4 3 4 2
24 0 .1 2 3 7 0*4984 0 .1226 0 .4 9 2 3
25 tt tt o , 1214 0 .4 8 8 1
26 tt tt 0 .1203 0 .4 8 3 4
27 tt ti 0 .1191 0 .4 8 0 0
28 tt tt 0 .1 1 7 8 0 .4 7 4 3
29 tt tt 0 .1 1 5 3 0 .4 6 4 7
30 tt it 0 .1 1 3 8 0 .4 5 8 8
31 ti ti 0 .1 1 2 0 0 .4 5 2 0
32 > tt tt 0 .1099 0 .4 4 3 8
33 tt tt 0 .1 0 8 3 0 .4 3 7 4
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TABLE ;8  (CONT.)
TENSILE MATERIAL DIMENSIONS BEFORE DIMENSIONS AFTER
TEST STRETCHING (INCHES) STRETCHING (INCHES)
THICKNESS WIDTH THICKNESS WIDTH
34 2 0 .1 2 4 0 0 .5028 0 .1 2 4 0 0 .5028
35 » tt 0.1228 0 .4 9 8 6
36 « t» 0 .1 2 1 7 0*49422
37 tt tt 0 .1 1 9 3 0 .4849
38 w tt 0*1167 0 .4 7 4 2
39 ti tt 0 .1 1 4 1 0 .4 6 3 7
40 tt tt 0 .1113 0 .4 5 3 3
41 tt tt 0 .1 0 8 4 0*4414
42 tt tt 0 .1056 0*4306
43 3 0 .1 2 9 9 0*5007 0 .1 2 8 4 0 * 5030
44 tt 11 0 .1 2 7 1 O.4988
45 tt tt 0*1255 0 .4 9 3 2
46 tt it 0 .1 2 4 3 O.4883
47 tt tt 0*1226 0 .4 8 2 9
48 tt tt 0 .1 2 1 5 0 .4 7 9 1
49 « tt 0 .1 1 9 3 0 .4708
50 tt tt 0 .1 1 6 7 0*4614
51 « tt 0 .1148 0 .4 5 4 6
52 tt tt 0.1126 O.4469
53 tt tt 0 .1108 0 .4406
54 it tt 0*1077 0 .4 2 9 4
55 4 0 .1200 0 .4 7 85 0 .1 2 0 0 0 .4 7 8 5
56 tt tt 0 .1 1 8 4 0 .4 7 3 0
57 « tt 0 .1 1 6 7 0 .4669
58 tt tt 0 .1 1 4 4 0 .4 5 8 9
59 tt tt 0 .1 1 2 ? 0 .4 5 2 6
60 tt « 0 .1109 0 .4 4 5 9
61 tt it 0 .1 0 9 7 0 .4 3 9 8
62 tt tt 0 .1 0 5 6 0 .4 2 6 7
63 tt tt 0 .1 0 3 9 0 .4 2 1 7
64 5 0 .1 1 7 4 0 .5029 O .I I 74 O.5029
63 tt tt 0 .1 1 6 4 0 .4 9 9 7
66 tt tt 0*1150 0 .4 9 4 4
67 tt it 0 .1 1 3 6 0 .4889
68 tt ti 0 .1 1 2 0 0 .4831
69 tt tt 0.1107 0 .4 7 7 9
70 tt tt O .IO 94 0 .4 7 2 8
71 tt » 0 .1 0 7 8 0 .4672
72 tt tt 0 .1 0 6 5 O .46 I 9
73 tt tt 0 .1 0 4 9 0 .4 5 6 1
2 4 0
TABLE B (COM1. )
TENSILE MATERIAL BI1ERSI0IS BEFORE \ DIMENSIONS AFTER
TEST STRETCHING (INCHES) \STRETCHING (INCHES)
THICKNESS WIDTH J THICKNESS WIDTH
74 6 0*1200 0*5004 ! 0.1200 0.5004
75 1! n ; 0*1196 0 .4  967
76 tt tt f 0.1177 0*4904
77 tt nit ‘ 0,1160 0.4845
78 1! it - 0*1138 0*4764
79 It it 0.1123 0.4707
80 ft 11 0.1104 0,4637
81 tt it 0 il089 0.4581
82 tt 11, 0.1068 0.4504
83 tt tt 0.1045 0.4410
84 « it 0.1032 O.4365
......85.......... tt it 0.1005 0.4259
86 7 0,1237 0 * 5004 0;1237 0  ^5004
87 II 11 0,1225 0.4967
88 ft it OU213 0*4931
89 It tt 0.1201 0.4893
90 If II 0 i l l 90 0*4853
91 tf It 0.1165 0.4771
92 tt If o a i4 5 0.4699
93 It tt 0,1125 0,4622
94 It It 0,1105 0.4553
95 If II O.IO87 0.4485
96 It II 0,1079 0.4456
97 ft It 0*1050 ' 0*4350
98 It it 0.0994 0.4137
99 8 0*1149 0.5013 0*1132 0.4957
100 it tt 0.1101 0.4848
101 it it 0.1082 0.4777
102 it tt ; 0*1063 0.4710
103 it ti­ 0*1050 0;4663
104 it ll 0*1016 0.4535
105 o a i4 3 0*5010 0*1128 0i4957
106 tt it 0.1114 0.4906
107 11 tt 0*1099 0,4853
108 tt it 0*1086 0.4808
109 it tt o a o 5 9 0*4715
110 tt 11 0.1046  ■ O.4664
111 r> tt 0.1034 0.4623
112 ti tt 0.1023i 0.4580
113 ft tt 0.1009 0.4537
114 tt 11 0.0997 0.4494
2 4 1
TABLE 8 (COM. )
TENSILE MATERIAL DIMENSIONS BEFORE DIMENSIONS AFTER
TEST STRETCHING (INCHES) STRETCHING (INCHES)
THICKNESS WIDTH THICKNESS WIDTH
115 9 0 .1119 0 ,5 0 3 3 0 .1119 0 .5 0 3 3
116 tt tt 0 ,1110 0 .5 0 0 2
117 »» tt 0 .1095 0.4953.
118 ti tt 0 .1081 0 .4 9 0 2
119 tt tt O .IO 65 0 .4 8 4 5
120 1! tt 0 ,1051 0 ,4 7 9 3
121 tt tt 0 ,1 0 3 4 0 ,4 7 3 1
122 tt tt 0 .1 0 1 9 0 .4 6 7 5
123 10 0 ,1166 0 .5 0 1 3 0*1166 O.5013
124 tt tt O . I I 53 0 .4 9 ^ 7
125 tt tt 0 .1 1 4 2 0 .4 9 3 3
126 tt tt 0 .1 1 2 6 0 .4 8 7 8
127 tt tt 0 .1 1 1 1 0 .4 8 2 5
128 it tt O .IO 96 0 .4 7 7 0
129 it tt 0 .1 0 8 7 0 .4 7 3 1
130 tt tt 0 .1070 0 ,4671
131 tt tt O .IO 58 0 ,4622
132 tt tt 0 .1 0 4 9 0 .4588
133 tt tt 0 .1 0 3 5 0 .4 5 3 3
134 tt tt 0 .1 0 2 5 0 .4 4 9 5
135 11 0 .1 1 8 0 0 .4996 0 ,1 1 6 9 0 .4 9 5 9
136 ft M 0 .1 1 4 8 0 .4889
137 tt n 0 .1128 0 ,4 8 2 1
138 tt tt 0 ,1109 0 .4 7 5 0
139 tt ft 0 .1091 0 ,4 6 8 0
140 It tt 0 .1 0 7 4 O .46 I 4
141 It tt 0 ,1 0 5 6 0 ,4 5 4 8
142 ft tt 0 .1 0 3 2 0 .4 4 5 3
143 ti tt 0 .0 9 9 5 0 .4 3 2 1
144 12 0 ,1 2 9 7 0 ,5011 0 .1 2 7 7 0 .4 9 5 3
145 tt tt 0 .1 2 6 5 0,493.2
146 tt M 0 .1 2 5 4 0 ,4 8 7 2
147 It ft 0 .1 2 4 1 0 ,4 8 3 0
148 0 .1 3 0 6 0 .5017 0 .1 2 9 3 0 ,4 9 7 3
149 tt tt 0 .1 2 7 9 0 .4 9 3 5
150 ft 1! 0 .1 2 6 6 0 ,4891
151 tt tt 0 .1 2 5 3 0 .4 8 4 7
152 ft tt 0 .1241 0 .4 8 0 3
153 tt tt 0 .1 2 3 0 0 .4 7 6 6
2 4 2
■ TABLE &
CONVERSION OF LO AIF-EXTENSION DATA TO TRUE STRESS AND TRUE STRAIN
TENSILE LOAD . EXTENSION TRUE STRESg TRUE STRAIN
TEST (fcg) (cm) ( to n f / in  )
1 0 0.0000 0 .00 0,0172
203 0,0015 3*24 0.0178
310 0.0024 4*96 0,0182
338 0.0028 5.40 0.0183
353 0.0038 5.65 0.0187
368 0.0088 5*90 0.0207
383 0.0148 6 .15 0.0230
398 0.0218 6 * 41 ■ 0.0258
413 0.0290 6.67 0,0286
428 0,0364 6*93 O.O314
443 0.0438 7*20 0,0343
2 0 0.0000 0.00 0,0362
339 0,0024 5*52 0.0372
414 0.0031 6.75 0.0375
444 0.0036 7*24 0.0376
459 0.0050 7*49 0.0382
474 0.0112 7*75 0,0406
489 0,0196 8.02 0.0439
504 0.0286 8.30 0.0474
519 0.0382 8*57 0.0512
532 0.0452 8.81 0.0539
3 0 0.0000 0.00 0.0536
414 0.0028 6Q86 0,0547
489 0,0035 8.11 0.0549
519 0.0040 8.61 0.0551
534 0.0048 8,86 0.0554
549 0.0094 9*13 0.0572
564 0.0204 9*41 0.0616
579 0.0314 9*71 O.O658
594 0.0424 10.90 0.0701
599 . .. 0.0464 10.10 0.0717
4 0 0.0000 0.00 0.0732
415 0.0027 7.02 0.0743
520 0.0035 8.79 O.0746
565 0.0040 9*56 0.0748
595 0.0045 10.07 0.0750
610 0.0052 10.32 0.0753
635 0,0122 10.61 0.0780
640 0.0252 10.93 0.0831
655 0.0392 11.23 0.0885
665 0.0464 11.44 0.0913
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TABLE 9 - /(CONT.)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) (cm) ( to n f /in ^ )
5 0 0.0000 0,00 0.0979
415 0.0027 7«19 0.0989
535 0,0036 9,27 0,0993
610 0.0043 10.58 O.O995
640 0.0047 11.10 0,0997
655 0.0050 11*36 O.O998
6 70 O.OO54 11.62 0,1000
680 0.0064 11,80 0*1004
685 0.0080 11.89 0,1010
692 0.0130 12.04 0.1030
700 0*0230 12.23 0.1069
715 0.0400 12.57 0*1135
723____ 0.0490 12.76 0.1170
6 0 0.0000 0.00 0.1209
430 0,0029 7*63 0,1220
565 0.0039 10.02 0.1224
655 0.0048 11.62 0,1228
715 0.0057 12.69 0.1231
730 0.0064 12,96 0*1234
735 0,0086 13*06 0,1243
745 0.0172 13*29 0*1276
753 O.O3O2 13*50 0^1327
760 0.0412 13.68 0.1370
766 0.0490 13.83 0.1400
7 0 0.0000 0.00 0.1686
417 O.OO3O 7,76 O .I69S
717 O.OO56 13,35 0.1708
762 0.0062 14*19 0.1710
792 O.OO7I 14,76 0,1714
802 0.0083 14-95 0,1719
807 0.0097 15,05 0.1724
812 0.0177 15,19 0.1755
817 0.0297 15,36 0.1802
822 0.0417 15,52 0.1849
824 0.0503 15.61 0.1882
8 0 0.0000 0.00 0.1948
385 0.0028 7.35 0.1959
700 0.0054 13.38 O .I969
775 0.0063 14,82 0.1972
805 0.0070 15.39 0.1975
820 0.0077 15.69 O .I978
828 0.0092 15.85 O .I984
835 0.0130 16.01 0.1999
2 4 4
TABLE 9 (CONT.)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) (cm) ( to n f /in ^ )
8 835 0.0200 16.05 0,2026
837 O.O3OO 16.15 0.2065
840 0.0400 16.27 0.2104
847 O.O5OO 16.47 0.2124
9 0 0.0000 0 ,00 0.2206
427 0.0031 8.37 O.2219
592 0,0044 11.61 0,2224
727 0,0056 14*26 0*2228
780 0.0062 15.30 0,2231
817 0,0069 16.03 0,2233
832 O.OO76 16,33 0.2236
841 0,0084 16^51 0.2239
847 0,0104 16.64 0.2247
850 0.0200 16,77 0.2285
852 0,0300 16.87 0,2324
854 0.0400 16,98 0.2363
858 0.0480 17.11 0.2394
10 0 0.0000 0,00 0.2438
412 O.OO3I 8.26 0.2450
667 O.OO52 13.39 0.2459
787 0,0065 15*80 0.2464
832 0.0074 16.71 0.2467
847 0,0083 17.02 0.2471
855 0.0099 17.19 0.2477
860 0.0150 17*33 0.2497
861 0.0200 17.38 0.2517
861 O.O3OO 17.45 0.2556
862 O.O4OO 17.54 o;2594
863 0.0487 17*62 0.2628
11 0 0.0000 0,00 0.2654
410 0.0033 8.41 0.2667
635 0.0052 13*03 0.2675
755 0,0064 15.50 0.2679
800 0,0070 16,43 0.2682
1 830 0,0077 17.05 0.2685
845 0,0083 17.36 0.2687
853 0.0091 17.53 0.2690
858 0,0100 17.64 0.2694
862 0,0150 17.76 O.2713
862 0.0200 17.79 0.2733
862 0.0300 17,86 0.2772
863 0.0400 17*95 0.2811
864 0.0500 I 8 .04 0,2849
864 0.0555 18.08 0.2870
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TABLE 9 (CONT)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) (cm) (ton f/in^ )
12 0 0 .0000 0.00 0.2898
410 0.0033 8.61 0.2911
695 O.OO58 14.61 0.2921
770 0.0066 16.19 0.2924
800 0*0070 16.82 0.2925
8 30 0.0076 17.46 O.2928
845 0.0082 17.78 0.2930
853 0.0088 17*95 0.2932
. 860 0.0105 18.11 0.2939
: • ■ 865 0.0150 18.25 0.2957
866 0.0200 18.31 0*2976
86 7 O.O3OO 18.40 0.3015
867 0.0400 18.47 0.3054
868 0.0500 18.56 0.3093
868 0.0542 18.59 0.3109
13 0 0 .0000 0 .00 0.0204
290 0.0018 4.73 0.0211
365 0 . 0026. 5*95 0.0214
380 0*0040 6.20 0.0220
395 0.0120 6.46 0.0251
410 0.0190 6.73 0.0279
425 0.0276 7.00 0.0312
440 0.0358 7*27 0.0344
455 0.0436 7.54 0.0374
466 0.0504 7.74 0.0401
14 0 0.0000 0 .0 0 O.O463
275 0.0018 4 .60 0.0471
445 0.0032 7.45 0.0476
473 0.0036 7*92 0.0478
500 0.0046 8.37 0.0482
515 0.0140 8.66 0.0518
530 0.0244 8 .94 0.0559
545 0.0350 9.24 0.0600
560 0.0460 9.53 0.0643
57Q „ 0.0518 - 9.72 0.0665
15 0 0 .0000 0.00 0.0671
380 0.0026 6 .49 0.0681
455 0*0032 7.77 0.0683
515 0.0038 8.80 0.0686
545 0.0042 9*32 0.0687
575 0.0051 9*83 0.0691
585 0.0067 10.01 0.0697
590 0.0127 10.12 0.0721
605 0.0257 10.43 0.0771
620 0.0397 10.75 0.0826
635 0.0517 11.06 0.0872
2 4 6
TABLE 9 (cont.)
.TENSILE . LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) (cm) ( to n f / in ^ )
16 0 0.0000 0 .00 0.0876
335 0.0022 5.84 0.0885
500 0.0034 8 .72 0.0890
590 0.0042 10.29 0.0893
635 ■0*0050 11.08 0.0896
645 0.0056 11.26 O.O898
650 0.0090 11.36 O.O9I2
655 0.0160 11.48 0.0939
660 0*0210 11.59 0.0959
665 0*0270 11.71 0.0982
671 0.0340 11.85 0.1009
680 0.0430 12.05 0.1044
689 0.0476 12.23 0.1062
17 0 0.0000 0 .00 0.1261
355 0.0024 6 .43 0.1270
595 0.0042 10.79 0.1277
670 0*0049 12.15 0.1280
715 0.0057 12.97 0.1283
730 0.0066 13.25 0.1287
735 0.0083 13.35 0.1293
740 0.0113 13.46 0.1305
745 0.0263 13.63 0.1364
755 0.0400 13.88 0.1417
759 0.0480 14.00 0.1448
18 0 0.0000 0 .00 0.1502
■ 325 0.C023 6 .03 0.1511
640 0.0047 11.89 0.1520
715 0.0055 13.29 0.1523
760 0.0063 14.13 0.1526
775 0.0081 14.42 0.1534
781 0.0200 14.60 0.1580
784 0.0300 14.71 0.1619
789 0.0400 14.86 O.I658
792 0.0484 14.97 ... 0.1690
19 0 0.0000 0.00 0.1740
315 0.0023 5.99 0.1749
625 0.0046 11.89 0.1758
730 0.0056 13.89 0.1762
775 0.0063 14.75 0.1765
800 0.0072 15.24 0.1768
805 0.0100 15.35 0.1779
807 0.0200 15.45 0.1818
809 0.0300 15.54 0.1857
815 O.O4OO 15.72 0.1896
&L5L 0.0500 15.86 0.1935
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TABLE 9 (cont.)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) (cm) ( to n f /in 2)
20 0 0,0000 0.00 0.2020
385 0,0027 7*53 0.2031
655 0*0048 12*82 0.2039
745 0*0057 14.58 O.2O42
805 0.0066 15.76 0.2046
820 O.OO74 16.06 O.2049
830 0.0100 16.27 0*2059
833 0*0200 16,40 0.2098
834 0*0300 16.48 0,2137
836 0.0400 16.58 0.2176
844 0.0532 16*83 0*2227
21 0 0.0000 0,00 O.2272
355 0.0025 7*12 0.2282
641 0.0047 12.86 0.2290
747 0.0057 I 5.OO 0.2294
808 0*0065 16.22 0,2298
838 0,0077 16.83 0*2302
843 0.0089 16.94 0.2307
, 847 0.0100 17.03 O.23I I
849 0.0200 17.14 0.2350
850 0.0300 17.23 0,2389
852 .0,0400 17.33 0,2428
> 853 0,0500 17.42 0.2467
854 O.O55O _ 17.47 0.2486
22 0 0 .0000 0.00 0.2519
357 0.0026 7.34 O.2529
747 0.0038 15.36 0.2534> 807 0.0066 16.61 0.2545
, 837 0*0075 17*23 0.2549
852 0.0100 17*56 0.2558
853 0*0200 17.65 0.2598
854 v 0*0300 17.74 0,2637
854 0,0400 17.81 0,2675
857 0.0535 17.96 0.2728
23 0 0,0000 0.00 0.2821
327 0,0024 6*93 0.2831
732 0.0057 15.52 0.2844
807 0.0066 17.12 0.2847
852 0.0078 18.08 0.2852
862 0.0100 18.31 0,2861
864 0.0200 18.43 0.2900
864 0.0300 18,50 0.2939
864 0.0400 18.57 0.2978
865 0.0500 18*66 0.3016
865 0,0560 18.71 0.3039
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TABLE v9(c o n t . ) -
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST t e ) ' ^  - Lem) .. ( to n f / in 2 )
24 0 0.0000 0,00 0.0171
225 0.0014 3.67 0*0177
330 0.0024 5*39 0,0180
360 0.0030 5.88 0,0183
375 0,0045 6.13 0,0189
390 0,0100 6.38 ■ 0,0210
405 0*0180 6*65 0,0242
420 0.0260 6 .92 0,0273
435 0,0340 7*19 0,0304
450 0,0430 7*46 0.0339
465 0.0508 7*73 0.0369
25 0 0,0000 0.00 0,0355
360 0.0024 5.99 0,0365
435 .0,0031 7,23 0.0367
• 450 0,0034 7.48 0,0368
465 0,0046 7.74 0,0373
480 0.0102 8,01 0.0395
495 0,0192 8*28 0,0430
. 510 0,0292 8,57 0,0469
525 0,0392 8,86 0*0508
,545 _ _ _ 0,0520 ... .^9.24 ....... 0*0558
26 0 0,0000 0.00 0.0543
317 0,0022 5.37 0.0552
497 O.OO38 8,42 O.O558
527 0.0043 8.93 0.0560
542 0,0053 9.19 0,0564
557 0,0087 9* 46 0,0577
572 0,0227 9.77 0.0632
587 0.0357 10,07 0,0682
602 0,0487 10,38 0,0733
610 0.0553 . _  10.33 _ 0,0758
27 0 0,0000 0,00 0.0714
347 0,0024 5*98 0.0723
542 0.0040 9.35 0,0729
572 0.0044 9.87 0.0731
602 0*0052 10,39 0,0734
617 0,0080 10.66 0.0745
632 0,0232 IO.98 0.0805
6 47 0,0382 11.31 0.0863
665 - 0.0574  . 11.71 0,0937
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TABLE 9 ( c o n t )
TENSILE LOAD EXTENSION; TRUE STRESS TRUE STRAIN
TEST ..(feg)____ (cm) ( to n f / in 2)
24 0 0*0000 0.00 O0O944
425 0.0029 7.50 O0O956
605 0.0044 10*68 0.0962
650 0*0051 11*47 0*0964
665 0*0060 11*74 0*0968
680 0,0104 12*03 0*0985
687 0*0224 12.21 0 , 10$g
695 0*0324 12*40 0.1071
702 0,0424 12*57 0*1110
710 0*0574 12*79 0.1168
714 .... 0*0590 12.87 0*1174
29 0 0.0000 0*00 0,1361
310 0*0022 5.70 0*1369
640 6*0048 11*78 0.1380
715 O.OO56 13*16 0*1383
745 0.0062 13.72 0.1385 ' *
760 0.0074 14*00 0*1390
765 0*0084 14.10 0*1394
768 0*0100 14*16 0.1400
771 0*0200 14.27 0.1439
775 0,0300 14*40 0.1478
78O 6*0400 14*55 0*1517
78? 0*0506 14.74 0.1558
30 0 0*0000 0 ,0 0 6*1636
310 0*0022 5.85 0.1644
730 0.0056 13.79 0*1658
775 0.0065 14.65 6*1661
790 0*0076 14*94 6.1665
803 0*0092 15.19 0*1672
804 0*0200 •15.27 0.1714
806 0*0300 15.37 6.1753
810 6,0400 15.51 6.1792
815 0*0514 15.67 0.1836
31 0 0.0000 0 ,00 0.1927
398 0.0028 7.74 O.1938
713 0*0053 13o89 0.1948
788 0*0062 15.35 0*1951
818 0,0076 15.95 0*1957
828 0,0100 16*16 0*1966
832 0,0200 16*30 0*2005
833 0*0300 16*38 6*2044
834 0.0400 16*47 0.2083
838 0*0522 16,62 0.2130
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TABLB9 ( c o n t . )■ w aM m nM M atM M W , '
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg)...  _ (cm) ( to n f / in 2 )
32 0 0,0000 0 .00 0.2339
412 0.0031 8.32 0.2351
727 0,0058 14.70 0.2361
802 0.0068 16.22 0.2365
832 0.0078 16.84 0.2369
847 0.0095 17.15 0.2-376
853 0.0200 17.34 0.2417
853 0.0300 17.41 0.2456
853 0.0400 17.48 0.2495
853 0.0533 17.57 0.2546
33 0 0.0000 0 .00 0.2594
459 0.0034 9*55 0.2607
744 O.OO58 15*49 0.2617
819 0.0068 17.06 0.2620
849 0.0078 17.69 O.2624
863 0.0100 18.00 0,2633
864 . 0.0200 18.09 0.2672
864 0.0300 18.16 0 .2 7 H
864 , 0.0400 18.23 O.275O
865 0.0500 1 8 .3 3 - 0,2789
866 0.0540 18.38 0,2804
34 0 0.0000 0 .00 0.0000
135 0.0007 2.13 0.0003
195 0.0014 3.O8 0,0006
270 0.0036 4.27 0.0014
285 0.0049 4 .5 I 0.0019
300 0.0087 4 .75 O.OO34
315 0.0137 5*00 O.OO54
330 0.0189 5.25 O.OO74
345 0.0253 5*50 0.0099
360 0,0317 5*75 0.0124
375 0.0377 6 .01 0.0147
396 0.0479 6.37 0^0187
35 0 0,0000 0 .00 0.0179
240 0.0016 3*86 0.0186
330 0.0023 5*31 0.0188
375 0.0028 6 .03 0.0190 ‘
390 0.0031 6.28 0.0191
397 0.0036 6 .39 O.OI93
405 O.OO58 6.52 0.0202
420 O.OI38 6.79 0.0233
435 0.0218 7 .05 0.0265
450 0.0298 7.32 0.0296
465 0.0378 7*58 0.0327
- 484 O.O486 7.93 0.0369
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TABLE 9 (eont.)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST t e )  . (cm) ( to n f / in 2)
36 0 0.0000 0.00 0.0360
300 0.0020 4.91 0.0368
405 0.0027 6 .63 0.0371
450 0.0031 7.37 0.0373
480 0.0036 7.87 0.0375
495 0.0047 8.12 0.0379
510 0.0143 8 .39 0.0416
525 0.0243 8 .67 0.0456
540 0.0343 8.96 0.0494
555 0.0433 9-24 0.0529
565 0.0507 9-43 0.0558
37 0 0.0000 0.00 0.0750
345 0.0021 5.87 0.0758
495 O.OO32 8.43 0.0763
555 0.0037 9.46 0.0765
600 0.0042 10.23 0.0767
630 0.0048 10.74 0.0769
645 O.OO59 11.00 0.0773
658 0.0119 11.25 0.0797
660 0.0209 11.32 0.0832
675 0.0359 11.65 O.O89O
690 0.0517 11.98 0.0952
38 0 0.0000 0.00 0.1195
418 0.0029 7.44 0.1206
598 0.0043 10.66 0.1212
688 0.0052 12.26 0.1215
718 0.0057 12.80 0.1217
733 0.0061 13.07 0.1219
748 0.0075 13.34 0.1224
756 0.0155 13.53 O.I256
763 0.0285 13.72 0.1306
773 0.0441 . 3-3.99 0.1367
3? 0 0.0000 0 .00 o . 1644
523 0.0037 9.74 0.1659
718 0.0053 13.39 0.1665
778 0.0061 14.51 0.1668
808 0.0070 15.07 0.1672
815 0.0077 15.21 0.1674
821 0.0101 15.34 0.1684
823 0.0221 15.45 0.1731
82 8 0.0321 15.60 0.1770
833 0.0421 15.76 O.I8O9
......... .......835 ........ 0.0459 15.82 0.1823
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TABLE 9 (cont . )
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST k£) ..... (cm) ( to n f / in 2)
40 0 0*0000 0*00 0.2115
' 538 0*0039 10,51 0.2130
- 718 0*0054 14*03 0*2136
793 0*0062 15.50 0,2139
823 0.006? 16,09 0.2141
838 0*0071 16*39 0*2143
853 0*0083 16.69 0.2147
858 •0*0150 16*83 0.2174
859 0*0200 16.88 0.2193
863 0.0300 17.03 0.2232
. 865 0.0400 17.14 0.2271
867 0.0487 17.23 0.2305
41 0 0*0000 0.00 0*2650
568 0*0042 11.71 0,2666
733 0*0056 15.11 0*2672* 823 0*0066 , 16*98 0*2676
853 0.0072 17*60 0.2678
868 0i0078 17.91 0.2680
875 0.0086 18>.06 0*2683
880 0.0100 18*18 0.2689
. 882 0*0200 18*29 0*2728
, 883 0.0300 I 8.38 0,2767
. 883 . 0.0400 18.45 0.2806
883 0.0500 18.52 0,2845
' 42 0 • 0*0000 0*00 0*3159
5 66 0.0044 12*27 0*3176
791 '0*0065 17.17 0,3185
836 * 0*0072 18,15 0*3187
866 0.0080 18*81 0*3191
873 0*0085 18*96 0,3193
880 0,0098 19.12 O.3198
881 0.0200 19.22 0*3238
881 , 0*0300 19,30 0.3277
881 . 0.0400 19.37 0*3315
881 0.0540 19.48 0.3369
43 0 0,0000 0*00 0*0065
300 0*0018 4.71 0*0073
450 0.0030 7 .0  6 0.0077
585 0,0045 9 .19 0.0083
600 0*0125 9*45 0.0115
610 0*0185 9.63 0,0138
620 0*0265 9.82 O.OI69
640 0*0405 10.19 0.0224
655 0.0525 IO.48 0.0270
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TABLE 9 (cont*)
TENSILE LOAD :' EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) (cm) ( to n f / in 2)
44 0 0,0000 0 ,0 0 0.0256
300 0,0018 4.66 0.0263
595 0* 004.5 9*25 0.0273
660 0,0051 10.27 0.0276
6?0 0,0057 10,43 0.0278
675 0.0147 IO.54 0.0313
69G 0,0277 IO.8 3 0.0364
705 0.0397 11,12 0.0411
..... 720 0*0527 11.41 0.0461
45 0 0,0000 0.00 0.0493
290 0.0019 4*61 0.0500
600 0,0044 9*56 0.0510
750 0,0063 11.95 O.O5I 8
758 O.OO89 12.09 0,0528
760 0,0209 12.18 0.0575
780 0,0399 12.60 0.0649
795 0.0541 12.91 0.0704
46 , 0 0.0000 0.00 0,0692
290 0.0019 4 .71 O.O699
595 0.0043 9*67 0.0709
750 0,0060 12.19 0.0716
810 0.0070 13.17 0,0719
820 0.0080 13.34 0.0723
825 0.0206 13.49 0.0773
! 840 0,0396 13*83 0.0847
855 0.0536 14*16 0.0901
47 0 0.0000 0,00 O.O938
295 0.0018 4 .91 0.0945
595 0.0043 9*91 0*0955
865 0.0075 14*42 0,0967
885 ' O.OO85 14.76 0*0971
890 0.0115 14*86 0.0983
895 0,0281 15,04 0.1048
910 0,0385 15*36 0.1088
• 925 0.0495 15*68 0.1131
48 0 0.0000 0.00 0,1111
295 0.0018 4*99 0.1118
600 0.0043 10,16 0.1128
895 0.0076 15*18 0,1141
920 0.0082 15.61 0,1143
930 0,0095 15*79 0,1148
935 0,0163 15.91 0.1175
' 940 0.0253 16.06 0.1210
955 0.0373 16,39 0.1256
- 975 .. 0.0553 16.85 0.1326
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» B  9 (cont . )
' TENSILE LOAD • EXfBIJSXG! TRUE" STRESS TRUE STRAIE
TEST _ _ (^g) . . . . (cm)- ( to n f /in ^ )
49 0 0.0000 0 .0 0 0.1466
290 0*0017 5.09 0.1472
595 0*0040 10»^J 0*1481
900 0*0071 ■ 15.82 0 *1494
1015 , 0*0087 17.85 0*1500
1030 0*0096 18.12 0.1503
1039 0*0129 18.30 0.1516
1041 0*0249 18.42 0.1563
1045 0*0349 18.56 0*1602
1050 0.0419 18.70 0.1629
■ J ' f . 1065 0*0549 ...................  19 .07 ................... 0.1680r. ....  , , .IIMI1 T1.
50 0 0*0000 0.00 0.18S5
295 0*0019 5.39 0*1892
595 0*0043 10.89 0*1901
895 0.0072 16.40 0*1913
1105 0.0099 20*27 O.1923
1120 0^0105 20*55 0*1926
1130 0.0145 20*77 0.1941
1135 0*0265 20.96 O.1988
1140 0.0405 21*16 0.2043
1150 0.0495 21*42 0.2078
51 0 0.0000 0.00 0.2200
295 0.0019 ' 5*57 0.2208
590 0*0042 11.15 0.2217
900 0.0070 17.02 0*2228
1120 0.0095 21.20 0.2238
1170 0*0102 22.15 0.2240
1180 0.0110 22.35 0.2244
1195 0*0316 22.82 0.2324
1200 0.0426 23.01 0.2367
1210 0.0546 23.31 0.2413
52 0 0.0000 0.00 0*2565
295 0.0021 5*77 0.2573
. 595 0.0044 11.66 0.2582
895 0*0072 17*56 0.2593
1200 0.0108 23*57 0*2607
1240 0.0116 24*36 0.2610
1244 0.0141 24*47 0.2620
1244 0.0241 24.56 0.2659
1245 0.0341 24.68 0*2698
1248 0.0461 24.85 0.2745
1250 0.0501 24.93 0.2760
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TABLE 9 (cont .)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST ...... ... t e ) .. (cm) ( to n f / in 2)
53 0 0.0000 0.00 0,2871
290 0.0020 5*85 0,2078
595 0.0045 12*02 0,2888
895 0.0074 a8, 10 0*2900
1200 0.0108 24.30 0*2913
I 27O 0*0120 25.73 0,2918
1283 0*0164 26,04 0*2935
1280 0*0264 26*08 0.2974
1280 O.O364 26.18 0*3013
1285 0.0534 26*46 0.3079
54 0 0.0000 0,00 0,3405
300 0*0021 6 ,39 0*3413
600 0,0044 12,79 0*3422
900 O..OO73 19*20 0*3434
1200 O.OIO7 25.64 0,3447
1320 0*0125 28,22 0.3454
1330 0*0132 28*44 0.3457 •
1332 O.OI74 28*53 0*3473
1333 0.0274 28.66 0*3512
1334 0.0374 28*80 0.3551
1335 0.0514 28*98 0.3605
55 0 0*0000 0,00 0,0000
150 0,0010 2,57 0,0004
300 0*0023 5.15 0*0009
375 0,0031 6.44 0,0012
450 0,0045 7.73 0*0018
465 0.0052 7.99 0,0020
480 0,0063 8*25 0.0025
495 0.0083 8.51 0.0033
510 0.0123 8*78 0.0048
525 0,0213 9*08 0.0084
540 0.0323 9.37 0,0126
555 0.0433 9.68 0 . 0X69
570 Q»0555 - ...........2 .9 8 ........_ 0.0216
56 0 0.0000 0.00 0.0246
150 0.0009 2.64 0.0250
300 0.0019 5.27 0.0254
450 0.0028 7.91 0.0257
525 0*0034 9.24 0,0260
570 0.0040 10,03 0.0262
585 0.0045 10,30 0.0264
600 0.0115 10*59 0.0291
615 0*0255 10.Q1 0.0346
630 , 0.0399 11.24 0.0402
645 0.0561 11.58 0.0465
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TABLE 9 ( co n t . )
TENSILE LOAD , .' EXTENSION TRUE STRESS TRUE STRAIN
. TEST . . (kg) (om) ( to n f / in 2)
57 0 0.0000 0 .00 0,0524
150 0.0009 2.71 0,0528
300 0,0019 5.42 0.0532
450 0,0028 8.14 0,0535
600 0.0040 10.86 O.O54O
645 0,0046 11.67 0.0542
660 0.0051 11.95 O.O544
675 0,0149 12.27 0.0583
690 , 0.0307 12.62 O.O644
705 0.0473 12.97 0.0709
58 Au 0,0000 0,00 0.0898
150 0.0009 2.81 O.O9OI
375 0.0023 7.04 0.0907
525 0.0033 9.86 O.O9I I
675 0.0046 12,68 O.O9I 6
720 0.0053 13.53 0.0919
735 0.0066 13*82 0*0924
743 0,0213 14.05 0*0981
750 G.0333 14.25 0,1028
758 . 0.0453 14.47 0.1075
59 0 0,0000 0,00 0.1187
150 , 0,0010 2.90 0*1191
300 0,0020 5.80 0.1195
450 0*0029 8 .70 0.1199
600 0,0040 11*60 0,1203
75O O.OO55 14,51 0.1209
765 O.OO58 I 4 . 8O 0.1210
773 0.0070 14.98 0.1215
778 0.0124 15,09 0,1236
780 0,0244 15*20 • 0.1283
788 ' 0,0424 15.47 0.1353
60 0 0,0000 0.00 0.1493
3.58 0*0005 3*15 0.1494
308 0,0016 6.13 0.1499
458 0.0024 9.12 0.1502
608 0.0038 12,12 0,1307
758 . 0.0054 15.12 0,1514
788 0.0061 15.72 0.1517
803 . 0.0071 16,03 O .I52O
811 0.0121 16.22 0.1540
813 0,0301 16.37 0.1610
818 0.0541 16*63 0.1703
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TABLE 9 (cont.)
TEE SILE LOAD ■ EXTEESIOII TRUE' STRESS TRUE STRAIN
TEST ( t e l  _ (cm) ( to n f/in ^ )
61 0 0.0000 0.00 0.1742
150 0.0008 3 «06 0.1745
300. 0 0 0015 6.13 0.1749
450 0.0029 9*19 0.1753
600 ' 0.0040 12.26 0.1757
750 0.0054 15*33 0.1763
795 0.0061 16.26 0.1766
810 0.0068 16.57 0*1768
816 0.0079 16.70 0.1773 .
820 O.OO85 16.79 0.1775
82-3 . 0.0117 16.87 0.1788
823 ' ,0 .0 1 9 7 16.92 0.18X9
824 0.0357 17.05 0,1881
825 _ 0.051? 17.18 0.1943
62 0 0.0000 0.00 0.2429
3.57 0.0010 3*43 0*2433
300 0.0021 6*56 0*2437
450 . 0.0033 9*85 0.2442
600 , 0.6044 13*14 O.2446
750 . 0.0059 16*43 0.2452
825 0.0073 18.08 0.2458
840 0.0088 18.42 0.2464
845 0.0100 18.54 0*2468
847 0.0128 18.60 0*2479
X&Z.M
63 0 0.0000 0.00 0.2700
150 0.0010 3*37 0.2704
. 300 0.0023 6.74 0.2709
450 . 0.0034 10,12 0.2713
600 0.0047 13.50 0.2718
750 0.0062 16.88 0.2724
825 O.OO74 18.58 0.2729
840 ■ 0.0086 18.93 0.2733
844 0.0110 19*03 0.2743
844 0.0220 19*12 0.2786
845 O.O49O 19.34 0.2891
64 0 0.0000 0.00 0.0000
2 66 0.0019 4.44 0.0007
326 0.0024 5« 44 0.0009
416 0.0035 6 .94 0.0014
476 0.0047 7*95 0.0018
506 0.0056 8.45 0.0022
536 0.0068 8.96 0.0027
551 0.0078 9*21 . 0.0031
566 O.OO94 9*47 0.0037
58I
c
0.0126 9*73 0.0049
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TABLE 9 ( c o n t , )
TEHSILE LOAD EXTEHSIOD TRUE STRESS TRUE STRAIN
TEST t e ) (cm) ( to n f / in 2 )
64 596 0.0194 10.01 0.0076
611 0*0294 10.30 0.0115
627 0.0434 10.63 0.0169
65 0 0.0000 0 .00 0.0149
386 0.0025 6 .54 0.0159
521 0.0035 8.83 0.0163
581 0.0041 9*84 0.0165
611 0.0045 10.35 0.0167
626 0.0049 10.61 0.0169
633 0.0055 IO.73 0.0171
636 0.0063 10.79 0.0174
641 0.0131 10.90 0.0201
648 0.0221 11.06 0.0236
656 0.0291 11.22, 0.0263
663 O.O36I 11.37 0.0290
671 0.0441 11.55 o ;o32 i
66 0 0.0000 0.00 0.0380
521 0.0035 9.03 0.0393
641 0.0046 11.12, 0.0398
671 0.0050 11.64 0.0399
686 0.0054 11.90 0.0401
693 0.0059 12.02 0.0403
697 0.0065 12.10 0.0405
701 0.0165 12.21 0.0444
709 0.0275 12.41 0.0487
716 0.0365 12.57 0.0522
722 0.0455 12.72 0.0557 ....
67 0 0.0000 0.00 0.0617
566 0.0057 10.06 0.0639
671 0.0066 11.92 0.0643
701 0.0070 12.46 0.0644
716 0.0072 12.73 0.0645
731 0.0077 13.00 0.0647
742 0.0082 13.19 0.0649
744 0.0090 13.23 O.O652
746 0.0190 13.32 O.O691
750 0*0290 13.45 0.0730
759 O.O390 13.66 0.0769
763 0.0490 13.79 0.0808
68 0 0.0000 0,00 0.0875
566 0.0040 10.31 O.O891
701 0.0052 12.78 O.O896
731 0.0056 13.33 O.O897
761 0.0062 13.88 0.0899
776 0.0072 14.16 0.0903
779 0.0100 14.23 O.0914
782 0.0200 14*34 O.0954
792 0.0400 14.63 0.1031
794 0.0480 14.72 0.1062
259
gABLE 9 ( c o n t . )
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) __ -...(cm) ( to n f/ in ^ )
69 0 0.0000 0.00 0.1099
581 0.0042 10.83 0.1116
671 0.0050 12.51 0.1119
746 0.0058 13.91 0.1122
776 0.0064 14.47 0.1125
791 0.0069 14.75 0.1127
801 0.0076 14.95 0.1129
806 0.0096 15.05 Oi1137
807 0.0200 15.13 0.1178
813 ' 0.0400 15.36 0.1356
818 0.0518 15.53- 0.1301
70 0 0.0000 0.00 0.1325
670 O.OO48 12.77 0.1344
760 O.OO56 14.49 O .I347
790 0.0060 15.07 0.1348
805 0.0064 15.35 O .I35O
815 0.0068 15.55 0.1352
820 0.0080 15.65 0.1356
822 . 0.0100 15.70 0.1364
824 0.0200 15.80 0.1403
832 0.0400 16.08 0.1481
....._835_ : 0.0476 16.18 0.1511
71 0 0.0000 0 .00 0.1592
700 0.0050 13.71 0.1612
790 0.0060 15.47 0.1616
: 1 ■ 805 0.0063 15.77 0.1617
820 0.0067 16.07 0.1618
835 0.0074 16.36 0.1621
842 0.0118 I 64 53 0.1638
843 0.0200 16*60 0.1670
844 0.0300 I 6 .69 0.1709
848 0.0478 16.88 0.1778
72 0 0.0000 0.00 0.1828
640 0.0048 12.83 0.1847
715 0.0055 14* 34 0.1850
790 0.0063 15.85 0.1853
820 0.0068 16.45 0.1855
835 0.0073 16.76 0.1857
845 0.0077 I 6.96 O .I858
848 0.0081 17.02 0.1860
850 0.0101 17.07 0.1868
851 0.0200 17.16 0.1906
852 0.0300 17.25 0.1945
856 0.0546 17.50 0.2041
2 6 0
TABLE 9 ( c o i r t . )
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST .(£g)_ (cm) ( to n f / in 2)
73 0 0.0000 0.00 0.2108
655 0.0049 13.50 0.2127
745 0.0058 15.36 0.2131
790 0.0063 16.30 0.2133
820 0.0068 16.92 0.2135
835 0.0072 17.23 0.2136
850 0.0081 17.55 0.2140
854 0.0101 17.64 0.2148
857 0.0200 17.77 0.2186
857 , 0.0300 17.84 0.2225
858 0.0560 18.04 0.2326
74 0 0.0000 0 .00 0.0000
408 0.0023 6 .69 0.0009
513 0.0031 8.42 0.0012
573 0.0037 9.41 0.0015
618 0.0043 10.15 0 , 001?
663 O.OO55 10.89 0.0022
678 0.0061 11.14 0.0024
693 0.0071 11.39 0*0028
708 0.0085 11.64 0.0033
727 0.0103 11.96 0.0040
738 0.0145 12.16 0.0057
753 0.0195 12.44 0.0076
768 0.0275 12.72 0.0108
773 0.0355 12.85 0.0139
» ^ 798 .. 0.0465 13.32 0.0181
75 0 0.0000 0 .00 0.0106
565 0.0034 9.37 0.0119
715 0.0048 11.87 0.0125
790 0.0056 13.11 0.0128
820 0.0061 13.62 0.0130
828 0.0070 13.75 0.0133
831 0.0100 13.82 0.0145
835 0.0200 13.94 0.0184
849 O.O3OO 14.23 0.0223
860 0.0400 14.47 0.0262
870 0.0500 14.69 0.0301
76 0 0.0000 0.00 0.0396
730 0.0056 12.48 0.0418
850 0.0070 14.53 0.0424
895 0.0077 15.31 0.0426
903 0.0082 15.45 0.0428
909 0.0096 15.56 0.0434
912 0.0200 15.67 0*0474
918 0.0300 15.84 0.0513
925 0.0400 16.02 0.0552
938 0.0520 16.32 0.0599
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TABLE 9 (cont.)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) (cm) (to n f /in ^ )
77 0 0.0000 0 .00 0.0659
580 0.0042 10.17 0.0675
850 0.0071 14*92 0.0687
" 955 0.0085 16.77 0.0692
970 0.0090 17*04 O.O694
■ 975 0.0100 17.14 O.O698
980 0.0200 17*29 0,0737
984 0.0300 17*43 0.0776
986 0.0400 17*53 0,0815
1000 0.0540 17.88 0.0869
78 0 0.0000 0 .00 0.1022
732 0.0056 13.32 0.1044
957 0.0081 17*43 O.IO54
1017 0.0089 18.53 O.IO57
1047 0.0094 19*08 0,1059
1056 0.0097 19.24 0.1060
1062 0.0103 19* 36 0,1062
1067 0.0200 19.52 0.1100
1071 O.O3OO 19*67 0.1139
1076 0.0400 19.84 0.1178
1084 0.0520 20.08 0.1225
79 0 0.0000 0.00 0.1277
731 0.0055 I 3.64 0*1299
1031 0*0088 I 9.27 0,1312
1091 0.0097 20.40 0.1315
1106 0.0101 20.68 0.1317
1116 0.0109 20.87 0.1320
1120 0.0200 21.02 O .I356
1121 0.0300 21.12 0,1394
11-31 0.0400 21.39 0.1433
1136 0.0540 21.61 0.1487
80 0 0.0000 0.00 0.1596
928 0.0078 17*90 0.1626
1108 0.0100 21.39 O .I635
1153 0.0108 22.26 0,1638
1168 0.0113 22*56 0.1640
1174 0.0122 22.68 0.1643
1175 0.0200 22.77 0.1674
1179 0.0300 22,93 0.1713
1181 0.0400 23*06 0.1752
1183 0.0460 23.16 0.1775
2 6 2
TABLE 9 (cont,)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) (cm) ( to n f / in ^ )
81 0 0,0000 0.00 0.1850
1108 0.0095 21.93 0.1888
1183 0.0106 23,43 0,1892
1208 0,0110 23*93 O .I894
1213 0,0114 24.03 0,1895
1216 0,0150 24.12 O .I909
1216 0,0200 24.17 0,1929
1218 0,0300 24.30 0,1968
1223 0*0400 24.50 0,2007
1226 0.0490 24,65 0,2041
82 0 0,0000 0 .00 0.2215
868 0,0071 17,80 0.2243
1183 0.0108 24.30 0.2258
1246 0,0119 25.61 0,2262
1258 0.0123 25.86 . 0 ,2264
. 1263 0.0149 25.99 0,2274
1263 0.0200 26,04 0,2294
1268 0.0300 26 D 24 a .  2333
1270 0,0400 26,39 0,2371
1273 0.0500 26-55 •... 0 .2410
83 0 0,0000 0 ,0 0 0,2646
1033 0.0091 22,14 0.2682
1183 0.0110 25.37 0,2689
1273 0,0124 27*32 0.2695
1288 0,0127 27.64 0,2696
1297 0.0130 27,84 0,2697
1301 0,0140 27.94 0,2701
1302 0,0160 27,98 0,2709
1302 0.0200 28,02 0,2724
1303 0,0300 28.15 0,2763
e 1303 0,0400 28,26 0 ,2 |0 2
1304 0,0530 28.43 0,2853
84 0 0.0000 0 ,00 0,2872
885 0.0079 19.39 0,2903
I I 85 0,0116 26,00 0.2918
1290 0,0133 28.33 0,2924
1305 0,0136 28,66 0,2926
1313 0,0140 28,84 0,2927
1315 0,0154 28.90 0.2933
1315 0,0200 28.95 0.2951
1315 0,0300 29.06 0.2990
1317 0,0400 29*22 0,3028
1319 0.0520 29.40 0.3075
263
TABLE 9 (cont.)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) (cm) ( to n f / in 2 )
8$ 0 0.0000 0 .00 0.3385
810 0.0075 16.68 0.3415
1185 0.0123 27.38 0.3434
. 1305 0.0144 30.18 0.3442
1320 0.0X48 3 0 .5 3 ^ 0.3443
1334 0.0154 30.86 0.3446
1334 0.0166 30.87 O .345I
1334 0.0200 30.92 0.3464
1334 0.0300 ■31# 04 0*3503
1334 0.0400 31.16 0.3542
1335 0.0520 31.32 0.3588
86 0 0.0000 0 .0 0 0.0000
300 0.0017 4*77 0*0007
457 0.0027 7.27 0.0011
555 0.0036 8 .8 4 0.0014
603 0.0043 9*60 0.0017
675 0.0076 10.77 0.0030
720 0.0157 11.52 0*0062
750 0.0299 12.07 0.0117
777 0.0475 12.59 0.0185
8? 0 0.0000 0 .0 0 0.0173
290 0*0016 4*6 9 . 0 .0179
585 0.0036 9.48 0*0187
750 0.0052 12.16 O.OI93
780 O.OO56 12.65 O.OI95
795 0.0162 12.94 0.0237
810 O.O3I 2 13.27 0.0295
825 0.0452 13*58 0.0349
. 6 8 . 0 0.0000 0 .0 0 0*0345
300 0.0016 4*94 0*0351
605 0.0038 9*97 0.0360
752 0.0052 12.40 O.O365
830 0.0062 13.69 0*0369
840 0.0066 13.86 0.0371
855 0.0266 14*22 0.0449
870 0.0426 14.56 0.0511
89 0 0.0000 0 .00 0.0520
320 0.0018 5.36 0.0527
595 0.0040 9.98 0.0535
755 O.OO56 12.67 0.0542
880 0.0072 14*78 0.0548
890 0.0084 14.96 0.0553
894 0.0104 15.03 O.O56!
900 0.0294 15.25 0.0635
... m . , . . . .... 0.0454 15.60 0.0697
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TABLE 9 (oont.)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST ___________ Ik& L (cm) ( to n f / i n ^ )
• 90 0 0.0000 0.00 0.0693
330 0.0018 5.63 0.0700
603 0.0039 10.29 0.0708
895 0.0070 15.29 0.0720
932 0.0076 15.93 O.O722
943 0.0090 16.13 0.0728
945 0.0230 16.25 0.0783
960 0.0450 16.65 0.0868
91 0 0.0000 0 .0 0 0.1073
305 0.0018 5.40 0.1080
598 0.0040 10.60 0.1088
906 0.0071 16.08 0.1101
1010 0.0084 17.94 0.1106
1025 0.0090 18.21 0.1108
1030 0.0102 18.31 0.1113
1035 0.0222 18.48 0.1160
1054 0.0492 - 19.02 0.1265
92 0 0.0000 0 .00 0.1399
315 0.0019 5.76 0.1406
598 0.0040 10.95 0.1414
905 0.0070 16.60 0.1426
1055 0.0088 19.36 0.1433
IO85 0.0092 19.91 0.1435
1100 O.OO98 20.19 0.1437
1103 0.0116 20.26 0.1444
1102 O.O256 20.36 0.1499
1105 0.0376 20.51 0.1545
1120 0.0536 20.91 0.1607
93 0 0.0000 0 .00 0.1743
319 0.0019 6 .04 0.1750
594 0.0040 11.26 0.1758
906 0.0070 17.20 0.1770
1160 0.0101 22.04 0.1782
1171 0.0114 22.26 0.1787
1172 0.0224 22.38 0.1830
1172 0.0364 22.50 O .I885
1182 0.0544 22.85 0.1954
94 0 0.0000 0 .00 0..2073
310 0.0020 6.07 0.2801
606 0.0043 11.88 0.2090
905 0.0072 17.76 0.2101
1205 0.0108 23.67 0.2115
1213 0.0113 . 23*84 0.2117
1224 0.0209 24.14 0.2155
1225 0.0359 24.30 O.22I 3
1228 0.0489 24.49 0.2264
265
STABLE 9 ( cont. )
TENSILE LOA-D EXTENSION TRUE STRESS TRUE STRAIN
TEST (k s) (cm) ( t o n f / in 2 )
95 0 0.0000 0 .00 0.2384
351 0.0023 7 .09 0.2393
597 0.0043 12.07 0.2401
909 0.0073 18.40 0.2412
1215 0.0109 24.63 0.2426
1246 0.0115 25.26 0.2429
1254 0.0123 25.43 0.2432
1250 0.0163 25.39 0.2448
12§0 0.0303 25.53 0.2502
. . . . --------12 35 0.0483 25.81 0.2572
96 0 0.0000 0 .0 0 0*2526
300 0.0021 6*15 0.2534
585 0.0040 11.99 0*2542
900 0.0067 18.47 0.2552
1200 0.0103 24. 66 0.2566
1245 0.0110 25.60 0.2569
1260 0.0114 25.91 0.2571
1266 0.0120 26.04 0.2573
1265 0.0200 26.10 0.2604
1265 0.0300 26.20 0.2643
1266 0.0400 26.32 0.2682
1271 0.0490 26.52 0.2717
97 0 0.0000 0 .0 0 0.3037
600 0.0047 12.95 0.3055
885 0.0075 19. 12 0.3066
1185 0.0110 25.64 0* 3080
1275 0.0123 27.60 0.3085
1305 0.0131 28.26 0.3088
1306 0.0200 28.36 0.3115
1306 0.0300 28.47 0.3154
130 6 0.0400 28.58 0.3193
1306 0.0495 28.68 0.3230
98 0 0.0000 0 .0 0 0.4093
600 0.0056 14.40 0.4115
885 0.0088 21.26 0.4127
1185 0.0129 28.52 0.4144
1275 0.0144 30.70 0.4149
1305 0.0150 31.43 0.4152
1320 0.0155 31.80 0.4154
1334 0.0167 32.15 0.4158
i m M m
m i
3OTX qra&xxx w m
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TABLE 9 (cont.)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (k&) Jem )/ ( to n f /in ^ )
99 0 0.0000 0 .00 0.0263
155 0.0008 2.72 0.0266
305 0.0017 5-36 0.0270
455 0.0026 7.99 0.0273
605 0.0036 10.63 0.0277
710 0.0048 12.48 0.0282
755 O.OO59 13*28 0.0286
770 O.OO98 13*56 0.0302
777 0.0308 13*80 0.0384
135- . . . 0.0478 14.03 0.0450
100 0 0.0000 0 .00 0.0756
150 0.0007 2.77 0.0759
300 0.0017 5.53 0.0763
450 0.0026 8.30 0.0766
600 0.0036 11.08 0.0770
750 O.OO49 13.85 0.0775
825 0.0062 15.24 0.0780
840 O.OO75 15.53 O.O785
842 0.0103 15.58 O.0796
843 0.0223 15.68 0.0843
845 0.0323 15.77 0.0882
850 0.0423 ■ 15*93 0.0921
.. 853 0.0493 16.03 0.0948
101 0 0.0000 0.00 0.1082
155 0.0010 2.95 0.1086
305 0.0020 5.69 0.1090
455 0.0033 8.67 O.IO94
605 0.0042 11.54 0.1098
755 O.OO56 14* 41 0.1103
830 0.0067 15.84 0*1107
845 0.0073 16.14 0.1109
855 0.0089 16.34 0.1115
858 . 0.0169 16*45 o . 1145
860 0.0359 16.61 0.1221
102 0 - 0.0000 0.00 0.1397
155 0.0007 3.05 0.1400
305 0.0019 6.00 0.1404
455 0.0028 8.95 0.1408
605 0.0042 11. 91 0.1413
755 O.OO55 14.87 0.1419
830 O.OO67 16.36 0*1423
860 0.0080 16*96 0.1428
870 0.0108 17.17 0.1439
870 0.0208 17.24 0.1478
870 0.0388 17.36 0 . 154?,_____
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TABLE 9 (con t)
w m m b b w w w k iii > m i iimaw n i w ' i w ill tmmfi i»
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST --..(ks)_ (c®> ( to n f / in ^ )
103 0 0.0000 0 .00 0.1627
155 0.0008 3»12 0.1630
305 , 0*0019 6,14 0.1634
455 , 0,0030 9,16 0.1639
, 605 0,0043 12.19 0,1644
755 0,0057 15*22 0.1649
830 . 0,0068 10.74 0 ,1654
860 .0 ,0079 ? 17*35 0,1658
870 0,0099 17,56 0.1666
873 0,0209 17*70, 0*1709
873 0.0389 17,83 0,1779
, 104 0 . 0.0000 0 .0 0 0,2233
150 0,0009 3,21 0,2236
300 , 0,0021 6 ,42 0,2241
450 .0,0033 9*63 0,2246
600 ,0 ,0045 12,84 0,2250
750 , 0,0059 16,06 0 , 2256■
825 , 0.0068 17*67 0.2259
855 0,0075 18.32 0*2262
870 .0,0084 18.65 0*2266
880 0.0105 18,88 0,2274
. « Xftx&X otxxxxx
<n% m i
S3& 0 m x M cm sx
105 0 0,0000 0 ,00 0*0235
160 0,0009 ,2,82 0.0239
310 0.0018 5*46 0.0242
46O 0.0028 8.10 0.0246
610 0.0039 10,75 0.0251
685 0.0045 12,07 0.0253
730 0.0050 12.87 0 ,0255
760 O.OO56 '■ 13* #0 0.0257
775 0.0068 13.6? 0.0262
783 0,0086 13.82 0.0269
788 0.0140 13,94 0.0290
790 0,0240 14.03 0.0329
797 0,0330 14.21 0.0364
805 0.0480 14*43 0.0422
106 0 , 0 .0000 0.00 0,0468
145 0,0007 2.61 0.0471
295 0.0017 5.32 0.0475
445 0.0026 8.02 0.0478
595 0,0036 10.73 0.0482
670 0.0042 12,09 0.0484
745 0,0049 13.44 0.0487
775 0.0053 13.99 0,0489
790 0.0056 14.26 0.0490
. .....8C&.' • 0.0063 14.53 0.04-93
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TABLE 9 (c o n t.)
K W a a W M M M H M M M M a U M M a M M R M A *
■TENSILE LOAD 'FiXTEK.SION TRUE STRESS TRUE STRAIN
TEST t e ) .  : (cm) ( to h f / in ^ )
106 - 813 0.0074 14.68 0.0497
819 1 0.0121 14.82 0.0515
821 ‘ 0.0221 14.91 O.O555
828 0.0341 I 5. U 0.0601
835 0.0481 15.32 0.0656
107 0 0.0000 0 .0 0 0.0712
148 0.0007 2.73 0.0715
298 ‘ 0.0017 5.50 0.0719
448 0.0026 8.28 0.0722
598 0.0036 11.05 0.0726
748 ' 0.0049 13.83 0.0731
793 0.0055 14.67 0*0734
823 0,0064 15.23 0.073?
836 0.0080 15.48 0.0744
841 0.0200 15.64 0.0791
848 0.0300 15.84 0.0830
852 0;0400 15*97 0.0868
858 0.0550 16.18 0.0926
108 0 0.0000 0 .00 0.0928
153 0.0007 2.89 0.0930
310 0.0019 5.85 0.0935
460 0.0028 8.68 O.O939
610 0.0039 11.52 O.0943
685 0.0046 12*94 0.0946
760 0.0054 14.36 0.0949
805' 0.0060 15.22 0.0951
835 0.0068 15.79 0*0954
850 0.0088 16*08 0.0962
855 0.0158 16.22 O.O99O
858 0.0238 16.33 0.1021
8 64 0.0378 16.54 0.1075
870 0.0488 16.72 0.1118
109 0 0.0000 0.00 0,1367
* 150 0.0009 2.96 0.1371
308 0.0019 6.07 . 0*1375
450 0.0028 8.88 0.1378
600 0.0039 11*84 0.1383
757 0.0052 14.95 0.1388
795 0.0056 15.70 O .I389
810 0.0059 16.00 0.1391
840 0.0069 16.60 0.1394
856 0.0100 16.93 0.1407
859 0.0200 17.06 0.1446
859 0.0300 17*13 0.1485
860 0.0400 17.21 0.1524
860 0.0500 17.28 0.1562
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TABLE 9 (cont . )
TEESILK LOAD .EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) ... (c m ).... ( to n f /in ^ )
110 0 0.0000 0.00 0,1599
150 0.0008 3*03 0.1602
308 0.0020 6,22 0,1607
450 0.0030 9*09 0.1611
607 , 0.0042 12.26 0,1615
750 0.0056 15.16 0.1621
825 O.OO65 16.68 0,1625
855 . 0.0072 17*29 0 . 162?
870 0.0080 17*60 0,1630
880 0.0100 17*82 0,1638
883 . 0.0200 17*95 0*1677
883 O.O3OO 18*02 O.1716
883 0,0400 18.09 0.1755 '
ft&Z MXXX m m
111 0 , 0,0000 0*00 0*1804
. 150 . 0.0008 3*09 0*180?
300 0.0019 6*1§ 0*1812
450 , 0.0029 9*27 0,1816
600 . 0.0040 12*37 0,1820
750 . 0*0053 15*47 0*1825
. 825 . 0*0062 17*02 0*1829
840 0.0065 17*34 0,1830
855 0*0069 17*65 0,1831
870 0.0079 17*96 0.1835
' 877 0*0095 18,12 0,1842
880 0,0125 18.20 0,1853
883 0.0225 18.34 0 . I 893
884 ■ 0,0325 18.43 0.1931
884 0,0425 I 8 . 5O 0.1970
. ...805 . 0.0581 18*63 0,2030
112 0 0.0000 0.00 0,2008
147 . 0,0008 3*09 0,2012
282 0,0019 5*93 0,2016
447 0,0030 9*40 0,2020
597 0,0041 12.57 0,2025
747 0,0055 15*73 0,2030
82 2 0*0064 17*32 0*2034
852 0.0070 17*95 0,2036  .
. 867 0,0076 18,27 0,2038
875 0,0086 18.45 0,2042
881 0,0120 18.60 0,2056
881 0,0200 18,66 0,2087
881 0.0300 18*73 0^2126
lOXJBSMX
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TABLE 9 (cont.)
TEESILE LOAD EXTEI-JSIOD TRUE STRESS TRUE STRAIR
TEST .........t e ) . _ (cm) . ( to n f / in 2 )
123 0 0.0000 0.00 0.2235
155 0.0008 3.33 0.2238
300 0.0020 6.45 0.2243
450 0.0030 9.68 0.2247
600 0.0042 12.92 0.2252
750 0.0055 16.15 0.2257
825 0.0064 17.78 0.2260
855 0.0071 18.43 0.2263
870 0.0082 18.76 0.2267
877 0.0100 18.92 0.2274
882 0.0200 19.10 0.2313
883 0.0300 19.20 0.2352
884 ■ 0.0400 19*30 0.2391
884 0.0580 19.43 0.2461
114 0 0.0000 0.00 0.2456
150 0.0008 3.30 0.2459
300 0.0020 6.60 0.2463
445 0*0030 9*79 0.246?
605 0.0042 13*31 0.2472
750 0.0055 16.51 0.2477
825 0.0065 18.17 0.2481
855 O.OO72 18.84 0*2484
870 O.OO85 19^18 0.2489
875 0.0100 19*30 0.2495
879 0.0200 19.46 0.2534
880 0.0300 19.56 0.2573
881 0.0400 19.66 0.2612
883 0.0550 19.82 0.2670
115 0 0.0000 0.00 o.cooo
418 0.0030 7*32 0.0012
568 0.0045 9 .95 0.0018
628 0.0054 11.00 0.0021
658 0.0059 1 1 .5 3 ' 0.0023
688 0.0068 12.06 0.0027
718 0.0081 12.59 0.0032
733 0.0097 12.86 0.0038
748 0.0129 13.14 0.0051
763 0.0239 13*47 0.0094
775 0.0409 13.77 0.0160
116 0 0.0000 0.00 0.0140
598 0.0040 10.62 0.0156
658 0.0045 11.69 0.0158
703 0.0050 12.49 0.0160
733 0.0054 13.02 0.0161
748 0.0058 13.29 O.OI63
763 O.OO64 13.56 O.OI65
771 0.0076 13.71 0.0170
776 0.0100 13.81 0.0179
779 0.0200 13.92 0.0219
271
TABLE 9 (cont .)
TEIISILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) (cm) ( to n f /in ^ )
116 783 0.0300 14.05 0.0258
791 0.0422 14.26 0.0305
117 . 0 0.0000 0 .00 0.0379
568 0.0039 10.33 0.0394
70 6 0.0051 12.85 0.0399
748 0.0056 13.61 0.0401
763 0.0059 13.89 0.0402
778 0.0062 14.16 0.0403
793 0.0067 14.44 0.0405’ 801 0.0077 14.59 0.0409
803 ; 0.0100 14.64 0.0418
807 0.0200 14.77 0.0457'* 809 0.0300 14.86 0.0496
816 0.0439 15.07 0.0550
, 118 0 0.0000 0.00 0.0605
568 0.0039 10.57 0.0621
733 0.0054 13.64 0.0627
793 0.0062 14.77 0.0630
808 0.0066 15.05 O.O63I
823 0.0086 15.34 0.0639
826 ! 0.0200 15.46 0.0684
829 O.O3OO 15.58 0.0723
835 _ 0.0450 15.78 0.0781
119 0 0.0000 0.00 0.0871
718 0.0052 13.72 0.0891
793 0.0060 15.16 O.O894
808 0.0063 15.45 O.O896
823 0.0068 15.74 O.O898
838 0.0081 16.03 O.0903
840 0.0100 16.09 O.09IO
841 0.0200 16.17 0.0949
843 0.0300 16.27 O.O988
847 0.0460 16.45 0.1050
120 0 0.0000 0.00 0.1114
730 0.0054 14.30 0.1135
775 0.0059 15.18 0.1137
820 0.0066 16.07 O .II40
835 0.0070 16.36 0.1141
850 0.0100 16.68 O .I I53
853 0.0200 16.80 0.1192
. 856 0.0300 16.93 0.1231
859 0.0416 17.06 0.1276
272
TABLE 9 (cont*)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST f e ) (c*0 . . . . . . ( t o n f / i n ^ )
121 0 0,0000 0 .00 0.1401
685 0*0051 13,80 0.1421
775 0*0060 15*62 0,1424
820 0*0066 16,53 0.1427
850 0*0074 17-14 0.1430
857 0,0079 17-29 0.1432
863 0*0100 17.42 0*1440
864 0*0200 17.51 0,1479
865 0*0300 17.60 0*1518
868 0*0440 17.76 0.1573
122 0 0,0000 0*00 O .I669
715 0*0056 14.80 0,1691
790 0*0064 16,36 0,1694
835 0,0071 17.30 0.1697
850 0,0074 17.61 0,1698
860 0,0078 17.82 0,1700
865 0*0084 17.93 0.1702
868 0,0100 18.00 0,1708
869 0,0200 18.09 0.1747
869 0,0300 18.16 0 ,1786
872 0.0560 18.41 0,1887
123 0 0,0000 0.00 0.0000
347 0.0017 5-84 0.0007
527 0.0029 8.88 0,0011
587 0,0034 9.89 0.0013
632 0,0038 IO.65 0.0015
692 Oi 0047 11.67 0.0018
737 0,0055 12,43 0.0022
782 0.0067 13.20 0.0026
812 0,0077 13-71 0.0030
842 0.0095 14.23 0,0037
872 0.0129 14.75 0,0051
902 0,0189 15.30 0,0074
917 0,0249 15.59 0,0098
932 0*0329 15.89 0,0129
947 0,0429 16.21 0.0167
.............156 ___________ ‘ 0.0487 16.40 0.0190
124 0 0,0000 0.00 0.0211
535 0.0034 9.21 0.0224
730 0.0050 12.57 0.0230
880 0.0066 15.17 0,0237
937 0,0072 16,15 0.0239
962 0.0076 16.59 0.0241
970 0,0078 16.73 0,0241
974 0.0080 16,80 0.0242
978 0.0088 16.87 0.0245
982 0.0100 16.95 0.0250
985 0,0284 17.12 0.0322
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TABLE 9 ( c o n t . )
'•TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST - ....tes)__ ..... ...... ( to n f /in 2 )
124 1000 0* 0444 17*49 0,0384
1005 0,0492 17.61 0,0403
125 0 0,0000 0.00 0,0372
782 0,0057 13.69 0,0394
947 . 0,0075 16.59 0.0402
992 0,0031 17.39 0,0404
1022 O.OO87 17*92 0,0406
1027 O.OO93 18,01 0*0409
1030 0,0107 18,0? 0,0414
1030 , 0.0200 18.14 0,0450
1035 0.0300 18.30 0,0489
1037 0,0400 18,40 0.0528
1047 0*0509 18,66 C.0570
126 0 0.0000 0.00 0.0630
793 0,0060 14,25 0,0653
973 0.0082 17,50 0.0662
1062 0,0098 19, 11 0,0668
1 1072 0.0102 19,29 0,0670
1077 0.0108 19,39 0.0672
1079 0.0170 19,47 O.O696
1081 0.0270 19.58 0.0735
1083 0.0370 19.70 0,0774
1092 C.Q466 19,93 0.0811
127 0 0.0000 0.00 0,0868
913 0.0074 16.81 0,0897
1033 0.0008 19,03 0,0903
1096 0.0098 20,20 C.0906
1108 0,0102 20,42 0,0908
1114 0*0106 20,54 0.0910
1123 0,0126 20.72 0,0917
- 1128 '0 , 0 2 0 0 20.87 0,0946
1131 0.0300 21,01 0.0985
1137 O.O4OO 21.20 0.1024
1140 0.0470 21,32 0.1051
128 0 0.0000 0.00 0,1119
986 0.0080 18.62 0,1150
1151 0,0102 21.75 0.1159
1167 0.0106 22.06 0.1160
1176 0.0112 22.24 0.1163
1178 0,0200 22.35 0,1197
1179 0.0300 22,46 0,1236
1179 0,0470 22.60 0,1302
129 0 0,0000 0,00 0,1284
956 0.0077 18.35 0.1314
1151 0.0101 22.12 0.1323
1182 0,0107 22.72 0.1326
1191 0.0111 22.89 0.1327
1196 0,0119 23.00 0.1330
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. TENSILE LOAD . EXTENSION TRUE STRESS TRUE STRAIN
TEST (fc£?) ... ' (cm)_......... _.. ( to n f/ in 2 )
129 1198 ■ 0*0200 23.11 0.1362
1199 0*0300 23*22 0.1401
1211 * 0*0490 23*62 0.1475
130 0 0*0000 0 . 00 O .I569
957 0*0080 18.90 0.1600
1197 0.0110 23.67 0.1612
1227 0.0116 24*27 0.16X5
1237 0.0120 24*47 V 0,1616
1242 . 0.0128 24.58 0.1619
1242 0.0200 24.65 0.1647
1242 , 0.0300 24*75 0*1686
:.. ..1242..._..... 4 0.0528 25.11 0.1775
131 0 , 0.0000 C.00 0.1791
973 C.0082 19.65 0.1823
1228 0.0114 24.83 0.1835
• 1258 0*0120 25*45 0.1838
1268 0.0124 25*65 0.1839
1273 . 0.0132 25*76 0*1843
1273 0.0220 25*85 0.1877
1273 0.0320 ..._ 2 5 .9 3 ........ 0.1916
132 0 0.0000 0*00 0.1947
958 . 0.0082 19*66 0.1979
1258 0.0120 25.85 O.1594
1273 0.0124 26*16 0*1996
1278 0.0126 26.27 O.1997
1283 0.0132 26.37 0*1999
1288 0.0148 26.49 0.2005
1287 0*0200 26.53 0.2026
1287 • 0.0500 26.84 0.2142
133 0 0.0000 0*00 0.2201
958 / 0.0086 20.16 0*2235
- 1273 0.0130 26*84 0*2252
1288 ' 0.0134 27.16 0.2253
1298 0.0138 27.38 0.2255
1302 0,0152 27.47 0.2260
13ol 0.0200 27*50 0.2279
1302 0.0300 27.63 0.2318
. 1303 . 0.0400 27*76 0.2357
1303 0.0496 27.87 0.2394....._
134 0 0.0000 0.00 0.2383
972 0.0087 20.83 0.2417
1287 0.0129 27.63 0.2433
1302 0.0133 27*96 0.2435
1308 0.0137 28.09 0.2437
1311 0.0143 28.16 0.2439
1313 0.0163 28.23 0.2447
1313 0.0200 28.27 0.2461
1314 0.0300 28.40 0.2500
2 7  5
TABLE 9 (cont*)
•, TBKSILE 
TEST
LOAD
........ t e )
EXTEHSIOM
(cm)
TRUE STRESS 
( to n f /in ^ )
TRUE STRAIIJ
. 134 1315 0*0400 28*53 0*2539
1315 .. -..a_0._G45.1_. 28*63 0,2574
135 0 0.0000 0*00 0,0169
750 . 0*0060 12.76 0*0192
, 885 0*0077 15*07 0,0199
515 . 0.0089 15.59 0*0202
922 . 0*0241 15*80 0*0263
930 . 0*0341 16,00 0,0302
943 0.0485 16.32 0.0358
136 0 . 0.0000 0,00 0,0494
7 64 • 0.0063 13*43 1 O.O5I 9
931 Q..OO84 16,38 0,0527
97 6 0.0092 17*18 0,0530
991 O.OO98 17.45 0,0533
998 0.0110 17.58 0.0537
1006 0.0346 - -17*88. 0.0629
137 0 0.0000 0*00 0*0806
915 0.0078 16*61 0,0836
1021 - 0*0093 18,54 0,0842
1036 0.0096 18.82 0.0844
1051 0*0103 19.09 0.0846
1059 0*0112 - • 19*25 O.O85O
1064 0,0148 19.36 C.O864
1066 0*0228 19*46 0,0895
1081 0*0498 19.94 ....... 0.1000
138 0 0,0000 0.00 0*1124
1022 0,0088 19.16 O .I I59
1112 0.0101 20.85 0.1164
1119 0,0119 21.00 0.1171
1119 0.0200 21*0? 0.1202
1125 . 0*0300 21.26 0.1241
1127 0,0400 : 21.38 0.1280
' 139 0 0*0000 0*00 0.1440
1084 0*0098 20.98 0.1479
1137 0*0105 22*01 0.1482
1154 0*0109 22*34 0.1483
1159 0.0119 22.45 0.1487
1166 0*0169 22.63 0.1507
1174 0*0300 22*90 0.1558
1174 0,0400 22*99 0.1597
1180 0.0500 23.20 0.1635
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TASLE 9 ( co n t ,3
. TBHSILE LOAD ••EXTJSDSIOB TBUE STBESS TEUE STBAIii
TEST (kg) (cm) ( lo n f / in ^ )
140 0 0*0000 0 .00 0.1737
1033 ; 0.0093 20.59 0.1774
1183 0.0118 23*60 0.1784
1206 . 0.0128 24*07 O .I788
1212 , 0.0200 24*26 0.1816
1212 0.0300 24.36 . O .I855
1212 ! 0.0400 24*45 0*1694
1213 0.0500 - .-.. 24*57 ....... 0.1932
, 141 0 0.0000 0 .00 0.2048
1219 , 0.0114 25*09 O.2092
1234 . 0.0117 25.40 0.2093
1249 ,0 .0 1 3 0 25.72 0*2099
124? , 0.0200 25*75 0.2126
124? \  0.0300 25*85 0.2165
1248 . 0.0400 .... 25*97.......... C.2204
; 142 0 0.0000 0.00 0.2488
1294 0.0124 26*98 0*2536
1269 , 0.0128 27.30 0.2538
1274 0.0140 27.43 0*2543.-'
1274 0.0200 27.49 0.2566
. 1274 . 0.0300 27*60 0.2605
1274 0*0400 27*70 0*2644
• 1274 0.0500 27*81 0.2683
143 0 0.0000 0.00 0*3158
1252 0.0136 28.82 0.3211
1283 0.0142 29*54 0.3214
1293 0.0146 29*77 0.3215
1297 0.0156 29*87 0.3219
1298 • 0*0200 29*95 0*3237
■ • 1298 ' • 0.0300 3O.O7 0.3275
> 1298 0.0400 30.18 0*3314
1298 0.0500 30* 30 0*3353
144 0 • 0.0000 0.00 0.0274
593 0*0021 9*23 0.0282
I I 89 0.0043 18*4?• 0*0290
" - 1530 0.0059 ' 23C86 0.0297
1635 0.0067 25.51 0*0300
1680 0.0077 26.22 0*0304
17X0 ■ O.OO89 26* ?0' 0.0309
1755 0.0147 27*46 0.0331
' 1845 '■ 0.0361 29.12 0.0415
1890 0.0493 ___ ’89.._98._._....... C.0466
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TABLE 9 ( c o n t.)
w nw w m m w  MMunriCiwwwa
TBNSI1B LOAD ■ EXTENSION W E  STRESS TRUE STRAUSrr.irom JU \* A _____ (kg)...... (cm ) ( to n f/ir i2 )
145 0 0.0000 0,00 0*0451
600 0.0021 9*51 0*0459
1185 O.OO44 18.80 0*0468
I 635 0.0064 ■25*96 0.0476
1815 O.OO75 28.83 0.0481
, 1890 0.0086 30*04 0*0485
1920 0.0113 30*54 0*0495
1935 0*018-3 30.8? 0.0523
, 1950 0.0243 31*18 0*0546
1965 0.0305 31*50 0*0570
1980 0.0373 31,82 .... 0*0597...... ......
;, 146' 0 0.0000 0,00 0.0618
585 , 0.0017 9*43 0,0624
1200 , 0.0041 . 19,36 0 .0634
1635 , 0.0060 26*39 0.0641
I 865 , 0.0073 30.12 0,0646
1950 0.0081 31,50 0,0650
1995 0.0091 32*24 O.O654
2010 0.0103 32*50 0,0658
2025 0*0173 32,83 0.0686
2040 0.0283 33,22 0,0729
.. 2055 .. 0.0393 33,61 0,0771
147 0 • 0.0000 0* 00 0,0809
585 0.0021 9,61 0.08X7
1185 0.0045 19*49 0*0827
1786 0.0072 29*40 0,083?
1966 0.0084 32.38 0*0842
2012 0.0089 33*14 0*0844
2042 0.0096 33.65 0,0847
2072 0.0125 34*18 0*0858
2079 0.018-5 34,38 0,0882
2087 0.0275 34,63 0.0917
: 2095 O.O365 34*88 0,0952
2102 0.0445 35,11 0,0983
2106 0.0489 35,24 0,1000
148 0 0.0000 0,00 0*0189
320 0*0010 4,90 0,0193
6O5 0,0019 9*27 0,0196
905 0,0030 13,87 0,0201
1198 0.0042 18,37 0,0205
1500 0,0056 23*02 0,0211
1565 0*0060 24,02 0*0212
1610 0*0066 . 24*71 0.0215
1625 0*0070 , 24-95 0.0216
1642 0*0080 25-22 0.0220
1657 0*0100 ' 25*47 0.0228
1686 0.0200 26.02 0.0267
1730 0.0300 26.80 0.0306
278
TABLB 9 ('cont* )
• TM 8ILB LOAD : BKTMSKM O.TOJB STRESS TRUE STEAIH
fBS$ ....... f e )  ' ..Ami:...... . ( to n f/in ^ )
148 1782 0*0400 27*71 0*0345
1840 Ob0500 28.72 0*0304
149 0 0*0000 0.00 0.0372
590 0*0018 9.21 0*0379
1205 0*0043 18*82 0*0389
I 49O 0*0056 23*28 0*0394
1640 0* 0064 25.64 O.O397
1770 0*0074 27*68 0*0401
1835 0*0088 28.71 0*0407
I 851 0*0102 28*98 0.0412
1880 ■ 0*0200 29 *'55 . 0*0450
1920 0.0298 30*29 0*0489
1953 0*0398 30*93 0*0527
1975 . 0*0498 31*40 0.0566
150 0 0*0000 0*00 6*6564 . .
605 0*0018 9*62 0*0571
1220 0*0042 19*42 0*05-81
1812 0*0070 28*88 0*0592
1910 0*0077 30*45 0*0595
1962 0*0084 31*29 0*0597
2000 0*0098 31.91 0.0603
203O 0*0200 32*52 0.0643
2046 0*0300 . 32*5 2 . 0*0682
2063 0.0400 33.31 0.0721
2081 0.0500 33.73 0*0759
151 0 0.0000 0*00 0*0757
605 0.0019 9. 81 0*0765
1205 0.0043 19*56 0.0774
1790 0.0071 29.09 0.0785
1948 0*0081 31.67 0.0789
2030 0*0089 33.01 0*0792
2075 Ob 0100 33*76 0.0797
2112 0*0180 34*47 0*0828
2120 0*0280 34.73 0*0867
2134 0*0380 35.10 0*0906
’ ...2145... .... 0*0480 35*42 0.0945..
152 0 0.0000 0.00 0*0947
620 0.0020 10*25 0*0955
1212 0*0044 20*05 O.0964
18jl2 0*0072 30.01 0*0975
1940 0.0080 32.14 C.0979
2045 0*0088 33*89 0*0982
2075 0.0092 34*39 0*0983
2117 0*0100 35*10 O.0986
2136 0*0114 35*44 O.0992
2158 0.0200 35.92 0*1026
2163 0.0300 36.15 0.1065
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TABLE 9 ( c o n t . )
TENSILE LOAD ' EXTER SION TRUE' STRESS TRUE STRAIN
‘ TEST (kg) (cm) ( to n f /in ^ )
152 2167 0.0400 36.39 0.1103
2175 O.O5OO 36.63 0.1142
153 0 0.0000 0.00 0.1110
620 0.0020 10.42 0.1118
1215 G;0044 20.43 041128
1797 0.0072 30.25 0.1139
1970 0.0082 33*18 0.1143
2090 040092 35*21 . 041147
2120 0.0098 35*73 0.1149
2135 0.0103 35*99 O .I I51
2150 040113 36^25 O .II55
2172 0.0150 36.68 O .H 69
’ 2185 ‘ 0.0200 36.97 O .II89
2190 040300 37*20 0.1228
2194 0.0400 37441 0.1267
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TABLE 3.0
BATA USED FOR THE DETEBBIMTIQU OF THE BEST 
EXPOMTIAL FLOW-STRESS CURVE APPROXIMATION
MATERIAL TRUE STRESS 
( to n f / in 2)
TRUE .ISTRAIM
1 6 .93 0.0314
1.21 0*0344
7*46 0.0339
8*30 o . 0474
8*57 0.0469
9*41 0.0616
9*72 0.0665
10*07 0*0682
10*92 0.0831
11*06 0.0872
11*71 0*0937'
11.85 0.1009
12*57 0.1110
12*57 0.1135  .
12*77 0.1194
13.68 0.1370
14*00 0.1448
14*40 0.1478
14*86 0.1658
15*61 0.1882
15*67 0.1836
15*72 O .I896
16.27 0.2104
16*38 0.2044
16*40 0.2098
16*98 0*2363
17*47 0*2486
17*48 0.2495
17*62 0.2628
17*79 0.2733
17*96 0.2728
18.23 0.2750
18*50 0.2939
18*56 0.3093
2 5*50 0.0099
7*05 0.0265
8.67 0.0456
11.65 O.O89O
13*72 0.1306
15.60 0.1770
2 8 1
TABLE 10 ( c o n t * )
MATERIAL TRUE STRESS 
( to n f /in ^ )
TRUE STRAIN
2 16.83 0.2174
18.29 0.2728
19.48 0.3369
3 9.45 0.0115
16.43 0.0278
• 12.09 0.0528
13.34 0.0723
14.86 O.O983
15.79 0*1148
■ ' 18.30 0.1516
20.77 0.1941
1 ’ 22.35 0.2244
24.47 0.2620
26.04 0.2935
28*44 0.3457
4 9.08 0.008410.59 0.0291
‘ 12.27 0.0583, 13.82 0.0924
15.09 0*1236
16.22 O .I54O
16.87 0.1788
18.60 0.2479
19.03 0.2743
5 10.30 0.0115
10.90 0.0201
12.41 0*0487
13.66 0.0769
14*23 0.0914
15.05 0.1137
15.70 0.1364
16.53 0.1638
17.07 0.1868
17.77 0*2186
6 12.44 0*0076
13.82 0.0145
15.56 0.0434
17.14 0.0698
19.52 0*1100
20.87 0.1320
22.68 0.1643
24.12 O .I909
25.99 0.2274
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SABLE 10 ( o o n t . )
MATERIAL TRUE STRESS TRUE STRAIN
( to n f / in 2)
6 28,02 o'. 2724
28.90 O.2933
3Q.i 86 0.3446
7 12.59 O.OI85
13.58 0.0349
14.56 0.0511
15.60 0.0697
16.65 0*0868
19.02 0.1265
20.91 0,1607
22.85 0.1954
24*49 0.2264
25.81 0.2572
26.52 0.2717
28.68 0.3230
32.39 0.4262
8 13*56 0.0302
15*58 0.0796
16.11 0*0940
17*1? OW1439
17*70 0 i l 709
18.88 0.2274
13*94 0*0290
14* 82 0.0515
15*48 0*0744
16*08 0*0962
17*06 0.1446
17*95 0.1677
18.20 O .I853
18.60 0.2056
19*10 0*2313
19*46 0*2534
9 13.47 0,0094
13.81 0.0179
14.64 O.O4I 8
15*34 0*0639
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MBIiB 10  ( c o n t .  1
MATERIAL TRUE STRESS 
( to n f /ln ^ )
TRUE STRAIN
9 16*09 0.0910
16.80 0.1192
17.42 0.1440
18.09 0.1747
10 16.40 O.OI9O
16.95 0.0250
18. 0? O.O414
19*39 0.0672
20.72 0.0917
22.24 0.1163
23.00 0.1330
24*58 0.1619
25*76 0.1843
26.49 0.2005
27.47 0.2260
28.23 0.2447
11 15.59 0.0202
17*58 0.0537
19.36 0.0864
21.00 0.1171
22.63 0.1507
24.26 0.1816
25.72 0*2099
27.43 0.2543
29.95 0.3237
12 29.98 0.0466
31.82 0.0597
33.61 0.0771
35.24 0.1000
28.72 0.0384
31.40 0.0566
33.73 0.0759
35.42 0i0945
36.63 0*1142
37.41 0.1267
48.28 0.2875
2 8 4
TABLE 11
CONSTANTS IN BEST EXPONENTIAL YIELD STRESS CURVE APPROXIMATIONS
MATERIAL A B C CORRELATION
COEFFICIENT
1 21.67 17.267 5.^41 0.999
2 22.24 17.491 5*466 1.000
3 ■ ' 72.00 63.487 1.0^6 1.000
.4 22.32 13.737 5*229 1.000
5 21.36 I I .683 5.383 1.000
6 50.50 38.173 1.936 1.000
7 51.70 40.628 I . 75I 1.000
8 24.00 . 11.210 3.529 0.997
9 23.86 10.711 3.533 1.000
10 49*20 33.979 1.986 1.000
11 48.50 34.285 1.907 1.000
12 6O.5O 36.259 3.758 0.999
2 8 5
- TABJbL 1 2 ( a ) . DETAILS
'Ivm tiX L ir 1)1 K aPKoIAL
T1ST - ai;c ij‘:‘ F0 ,0E DRARIHG
( drc .e b s ). ( T OH S ) FEATURES
154 1 5 0. 62
155 1 . 0 5
156 1 . 7 3
157 2. it O'
158 10 0# 43
159 0 .6 8
160 1 .1 5
161 - 1 .6 0
162 15 0 . 5 6
1 6 3 0 .8 8
1611 1 .1 8
165 1 .4 9
166 0 .4 3 )
167 0 .8 8 HO
168 '1 .1 8 LUBRICANT
360 1 *47
170 0 .6 2 STRIP
171 1 .0 4 > COOLED
172 ....... 1 * 3 7 ... J
173 2 2 4 .7 8
174 6 .4 0
17 5 7 .5 0
176 1 .9 2 1 HO
177 . ....3 .4 9 f  LUBRICANT
178 5 0. 80
179 1 .4 8
180 1 .9 8
181 3 .0 0
182 10 O. 8 5
183 1*40
184 15 0 .7 0
185 1*07
186 1*30
18? 1 .6 8
188 20 0 .6 2
189 0 .9 5
190 1 .0 9
191 1 .3 7
192 25 0 .3 5
193 O. 5 0
194 O. 5 0
195 O. 5 0
196 O. 6 3
197 o . 6 3
198 0 .6 4
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TABLE. 12(A ) conft»
T j&I'i t»l LB 
TEST
iMTEAlAL DIE LEiViX
■-ANGLE
(d e g r e e s )
25
DIE
FORGE
(TONS)'
El/liiCX AL 
.DkA tv I  IMG 
FXCATURES
199
200
201
202
203
20l|
205
2 0 .7 9  
1*02 
0 * 67
0* 78
1*14 
O.4 2  
0* 80
1 HO 
) LUBEIGABT
\  m m m  0  
I ..._.33 S E A a . -
206 3 5 0. 87
207 1 .1 8
208 : 1 * 99
209 2 .6 9
210 4 .5 0
211 15 0*73
212 1.01
213 1*35
214 1 .6 0
215 1 .9 0
5 5 0 .7 5 ^
217 1 .1 5
218 1*75
219 2 .7 5
220 25 0 .5 7
221 0 .9 7
222 5 5 0*69
223 0*93
224 1 .2 3
225 1 .6 0
226 2 .0 8
227 2 .7 6
228 10 G .I3
229 1 .0 9
230 1 .2 3
231 1 .5 2
232 1*82
2 33 15 0 .6 8
234 0 .8 7
.._.235 ....... 1 .0 8
236 0 15 0 .9 7
237 1 .1 6
238 1.41
239 1 .7 5
240 1 .9 0
241 2 .1 0
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TABLE 12(A ) c o n t .
■TBHSILE 
TEST ,
MATERIAL DIE SEMI 
-ANGLE 
{DE&iiBBS )
■ DIE
FORCE
(TONS)
SPECIAL
DEALING
FEATURES
"21*2 "" 5 0 .91
243 1*23
244 1 .5 3
2k5 1 .8 6
246 2 .6 7
247 4 .3 1
21*6 . ............. 8 ....... 5 1 .0 2
2 4 9 ’ 1 .6 0
250 2 . 3O
251 3 .3 5
252 , . . . . 25 0 .3 5
253 0 .7 2
254 0 .8 5
255 , 0 .9 0
256 1 .0 0
257 9 5 0 .8 1
258 1 .1 8
259. 1 .4 3
260, 1 .6 5
261 2 .3 5
262. 2 .8 0
2 6 3 . 10 0 .6 8
264. 1 .01
265, 1 .2 8
266 „ 1 .6 0
26? 15 0 .71
. 268, 0 . 93
__________ §62,__________ 1 .21
270 10 15 1 .3 4
271 1 .9 7
272 11 5 1 .4 2
273 2 .0 8
274 2 .8 6
_ _225 _ 4 .5 0 ......
276 12 . 5 2 .0 8
277 2 .5 8
276 3* 12
279 6. 00
280 7 .7 2
281 15 1*35
282 1 .7 0
283 2 .61
284
_______
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TABLE 12(B) DRAWING DETAILS
TENSILE DIMENSIONS BEFORE DIMENSIONS AFTER TRUE STRAIN • WIDTH--
TEST DRAWING [inches) DRAWING (inches) IN DRAWING ratio
THICKNESS WIDTH THICKNESS WIDTH (W aM L
154 0.1249 1.0010 0*1185 1*0001 0*0533 0.9991
155 0.1241 1.0020 0.1138 O.9998 0.0877 0.9988
156 0.2240 1.0012 0.1074 1.0013 0.1440 1.0001
157 0.2241 1.0012 0.0998 1*0063 0*2179 1.0050
I 58 0.1240 1.0010 0.1202 1.0002 0.0320 0.9992
259 0.2241 1.0008 0.1156 O.9983 0*0730 0.9975
160 0.1241 1.0009 0.1058 0.9987 0.1617 0.9978
161 0.1240 1.0009 0.0963 1.0002 0.2535 0*9993
162 0.1242 1.0011 O .U 63 0.9993 0.0674 0.9982
163 0.1242 1.0010 0.1087 0.9981 0*1361 0.9971
164 0.1241 1.0012 0.1007 0*9977 0.2123 0.9966
I 65 ’0.1242 1.0012 0.0910 0.9987 O.3I 36 0.9970
166 0.1244 1.0009 0.1185 0.9994 0.0499 0.9985
167 0.1243 1*0009 0.1079 0.9971 0*1455 0.9962
168 0.1244 1.0009 0.0992 0.9964 0.2305 0.9955
I 69 0.1243 1.0010 0.0874 0.9974 0.3558 0.9964
170 0.1243 1.0010 O .II42 O.9985 0.0876 0.9975
271 0.1240 1.0009 0.1023 0.9967 0.1970 0.9958
172 0.1243 1.0008 O.O915 0.9966 0.3105 0.9958
173 0.1250 0.9998 0.1026 1.0243 0*1976 1.0245
174 0.1249 O.9998 0.0948 1.0358 0.2757 I . 036O
175 0.1249 O.9998 0.0886 1.0428 0.3434 1.0430
176 0.1250 0.9998 0.1144 1.0028 0.0886 1.0030
177 0.1250 0.9998 0*1032 1.0161 0.1917 I.OX63
178 0.2250 1.0002 0.1181 0.9989 O.0582 0.9987
179 O .I25O 1.0012 0.1107 0.9998 0.1229 O.9986
180 0.1249 1.0002 Q.1047 1.0013 0.1764 1.0021
281 O .I25O 1.0000 0.0941 1.0092 0*2843 1*0092
182 0.1254 1*0000 0.1124 0.9978 0*1114 0.9978
183 0.1251 0.9994 0.1045 0*9976 0.1820 0.9982
284 0*1249 1.0000 0*1157 O.9992 0.0773 0.9992
285 0*1248 1.0000 0.1046 0.9967 0.2807 0.9967
186 0.1249 1.0000 O.O988 0.9977 0.2375 • 0.9977
18? 0.1248 1*0000 0.0868 0.9982 0.3649 0.9982
188 0.1249 1*0000 0.1152 0.9978 • 0*0833 0.9978
189 0.1249 1.0000 0.1012 0.9952 0.2152 0.9952
190 0.1249 1*0000 O.O962 0.9950 0.2660 0.9950
191 O .I250 1*0003 0.0871 O.9963 0.3650 0.9960
192 0.1249 1.0000 0.1193 0.9990 0.0466 0.9990
193 0.1250 1.0000 0*1158 O.998O 0.0788 *0.9980  *
194 0.1250 1.0000 0.1157 O.998O 0.0794 0.9980
195 0;1248 0.9999 0*1147 O.998O 0.0863 0.9981
196 0.1250 1.0000 0.1114 0.9973 0.1187 0.9973
197 0.1250 1*0000 0.1112 0.9973 0.1198 0.9973
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TABLE 12(B)* DRAWING DETAILS ( confr.)
TENSILE DIMENSIONS BEFORE DIMENSIONS AFTER TRUE STEAM " WJOTHV:
TEST DRAWING inches) DRAWING (inches) IN DRAWING RATIO
THICKNESS . 'WIDTH THICKNESS WIDTH ( ^ M i
198 0*1246 1.0000 O.IIO3 0*9968 0.1259 0.9968
199 0*1250 1.0000 0.1040 0.9955 O .I884 0.9955
200 0.1251 1.0000 0.0952 0.9942 0.2791 0.9942
201 0*1249 1.0000 O.IIO5 O.9968 0.1255 0.9968
202 0*1250 1.0000 O.IO70 O.996O 0.1595 0.9960
203 0*1251 1.0000 0.0925 0.9950 O.3O66 0.9950
204 0*1250 1.0000 0.1174 O.9984 0*0644 ♦ 0.9984
205 0.1250 1.0000 O.IO55 0.9965 0.1726 0.9965
206 0.1289 0.9949 0.1248 0.9938 0.0332 0.9988
207 0.1293 0.9949 •0 * 1214 0.9919 0.0662 0.9969
208 O .I29I 0.9938 0.1132 O.99OI 0.1351 0.9962
209 0.1295 0.9944 O.IO74 0.9931 0.1888 0.9986
210 O .I3OI 0.9948 0.0942 1.0054 0.3229. 1.0106
211 0.1309 0.9918 0.1247 O.9889 0.0513 0.9972
212 0.1298 0.9935 O .II73 O.989O 0.1056 0.9954
213 O .I304 0.9932 O.IO92 O.9865 0.1844 O.9932
214 0.1296 0.9942 0.1051 O.9856 0.2189 0.9913
215 0.1302 0.9921 0.0976 0.9832 0.2968 O.99IO
216 0.12 02 1.0005 0.1174 0.9995 0.0242 O.999O
217 O .II98 1.0005 0.1123 O.9988 0.0667 G.9983
218 0.1201 1.0005 0.1054 0.9998 O .I309 O.9993
219 0.1200 1.0006 O.O968 1.0027 0.2149 1.0020
220 0.1200 1.0005 0.1126 O.998I O.O664 0.9976
2 21 0.12 00 1.0005 0.0971 0.9943 0.2182 O.9938
222 0.1179 1.0013 0.1162 I.OOO5 0.0153 O.9992
223 0.1177 1.0017 0.1135 1.0002 0.0380 O.9905
224 0.1174 1*0019 0.1106 1.0005 0.0617 O.9986
225 0.1177 1.0017 0.1067 1.0003 0.0998 0*9986
226 0.1176 1*0018 0.1015 1.0014 0.1483 0.9996
227 0.1179 1.0017 O.O948 I.OO45 0.2182 1. 002?
228 0.1177 1.0020 0. I I I 5 0.9999 0.0566 0.9979
229 0.1179 1*0020 0.1064 O.9995 0.1048 0*9975
230 0.1177 1.0019 0.1039 O.9992 0.1273 0.9973
231 0.1177 1.0019 0.0989 O.9998 0.1760 0.9979
232 0.1177 1.0017 0.0910 1.0010 0.2581 0.9993
2 33 0.1176 . 1.0020 0.1135 1.0000 0.0379 O.998O
234 0.1175 1.0019 O.IO85 0.9986 0.0833 0.9967
235 0. 1176' 1.0020 0.1033 0.9980 0.1330 O.996O
236 0.1235 0.9922 0.1150 0.9881 0.0755 O.9958
237 0.1234 0.9928 0.1124 0.9881 0.0981 0*9952
238 0.1220 0.9914 0.1048 0.9853 0.1582 O.9938
239 0.1220 0.9917 0.0978 0.9855 0.2272 0.9937
240 0.1222 0.9899 0.0938 0.9843 0.2702 0.9943
241 0*1222 0.9897 0*0840 0.9845 0.3798 0*9947
242 0.1220 0.9909 O .II99 0.9904 0.0182 0.9994
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TABLE 12(B ). DRAWING DETAILS (c o n t .)
TENSILE
TEST
DIMENSION!
DRAWING
THICKNESS
5 BEFORE 
’inches) 
WIDTH
DBIEH SION 
DRAWING ( 
THICKNESS
S AFTER 
Inches) 
WIDTH
TRUE STRAIN 
IN DRAWING
^WIDTHS
RATIO
(vtfz/vVl)
243 0.1236 0.9923 O .H 83 0.9903 0.0460 0.9979
244 0.1218 0,9898 o a i3 7 0 .9  873 0.0716 0.9974
245 0.1239 0,9916 0.1125 O.9889 O.O988 0.9972
246 0.1237 0.9875 0 . 1 0 4 5 0.9858 O .I7OO 0.9982
247 0.1239 0.9902 0.0923 0.9956 0.2943 1 . 0 0 5 4
248 0.1149 1.0023 0.1072 1.0008 O.O7I 2 0.9985
249 0.1149 . 1.0023 0.1045 i.0004 O.O964 0.9981
250 , 0.1150 . 1.0023 0,0960 1.0019 0.1805 0 . 9996
251 O .I I5O 1.0023 0.0881 1.0054 0.2665 1.0030
252 O .II5O 1.0023 0.1128 1.0014 0.0204 0.9991
253 . 0.1150 1.0023 b; 1063 O.9989 0.0820 0.9966
254 0.1151 . ,1 .0023 0,1021 O.9976 0.1252 0.9953
255 , O .U 5O 1.0023 0,0999 0.9971 0,1464 0.9948
256 O .I I5O 1.0023 0.0942 0.9963 0.2058 0,9940
257 0 ;ii2 2 1,0050 0.1106 1.0039 O.OI58 0.9989
258 0.1123 . IQOO46 0.1075 1,0034 0.0446 0.9988
259 0.1119 , 1^0045 p . 1044 1.0036 0.0700 0.9991
266 . 0 .1 i24 I.O 046 p .1000 1.0032 0.1182 0.9986
261 0.1121 . I .0052 0.0945 1.0040 0.1719 0,9988
262 0.1122 . I .0052 0.0907 I.OO67 0.2127 I .0014
263 0.1121 . I.O 050 0.1105 ,1.0038 0.0157 0.9988
264 0.1120 1.0048 0.1063 1.0028 0,0542 0,9980
*265 • 0.1122 , 1.0045 0.1006 1.0023 0.1117 0.9978
266 , 0.1121 . 1.0049 ,0.0880 1.0028 0.2445 0.9979
26? ... 0.1120 v 1,0040 0.1P88 1.0022 0.0313 0.9982
268 0.1122 1.0041 0.1035 1,0006 O.O846 0,9965
269 0.1121 1,0053 0.0970 1.0015 0.1481 0.9962
270 0.1176 0,9856 0.1062 ,0.9803 O.IO74 0.9946
271 0.1173 . 0,9926 O.O897 0.9877 Q.2735 O.9950
272 0.1182 . 0.9944 0.1120 0*9919 0.0559 0,9974
273 0.1179 0.9936 • 0,1056 0,9914 0.1126 0.9977
274 0.1177 , 0.9938 . 0.0994 O.99I 5 0,1708 0.9984
275 0.1181 > 0.9922 0,0886 .0*9964 0.2874 I .0042
276 • 0.1304 1.0212 0,1241 l.OlBO 0.0532 0.9968
277 . 0.1320 • . 1.0192 0*1227 1,0158 0.0763 0,9966
278 0.1320 1.0204 0.1208 1.0169 O.0924 0.9965
279 0.1318 1.0106 0.1073 1.0120 0.2055 1,0013
280 0.1317 1.0190 0.0992 ,1.0240 0.2833 1,0049
28?. 0.1307 1,0126 0.1265 , 1.00|92 0.0361 0,9966
282 0.1300 1.0115 0.1205 1.0070 0.0806 0.9955
283 0.1308 1.0098 0.1106 1.0049 0,1724 0.9951
284 O .I3O4 1.0200 O.O98O 1,0161 0,2895 O.996I
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ffABIiE 1 3 .  TEHHILE 9ESTIK S BATA FOR THE DRAWiI STR IP
TENSILE
TEST
DIMENSIONS" "'OF 
TBST—PIEGE (incites)
TENSILE
TEST
DIMENSIONS' OF 
TEST-PIECE (inches)
THICKNESS WIDTH THICKNESS WIDTH
154 0.1182 0*4981 187 0. 0S68 O.5OOO
155 0*1135 0*5048 188 O .II48 0.4715
156 0*1072 0*4975 . ; . i ! • I 89 0.1008 0*4802
157 0*0995 0*4900 f ; 1' : 190 O.O96O 0.5002
158 0*1200 0.5000 ;  ; ' ' 191 0.0870 0.5006
159 0*1154 O.501I 192 O .II89 0.4985
160 0*1053 0*5010 193 0*1152 O.5OO9
161 0*0949 .0*5006 194 ■ 0.1153 0.5009
162 0*1160 0.4995 I 195 0.1144 0.5013
163 0*1084 0*5004 .  :i * 1 196 0.1107 0.5005
164 0*1002 0*4983 197 0.1106 0.4992
165 0i 0906 0*5009 * 1' '■ 198 0.1098 0.4960
166 0*1180 0.5057 ; -vj ",v 199 0*1035 0 . 5006
167 0*1075 0.4966 : : ■ ' '• ■ 200 0*0948 0.5011
168 0*0985 O .501I ‘ : 201 . 0.1102 0.4995
169 0*0870 0.4965 (  ! 202 0*1066 0.5003
170 0*1132 0.492-8 203 0.0921 0*4993- 7
171 O.IOI7 0.4997 204 O .II69 o;50Q3;
172 0*0909 0.5023 205 O.IO5O 0.5009
173 0.1026 d;4994 *  ' ' i ■ "206' V 0.1246 0*5002' 7
174 0*0948 0.4988 2 07 0.1213 0.5008
175 0.0886 0.4984 208 0.1127 0*5004
17 6 ■ 0*1144 0.4996 r  * ; 209 0.1072 0.5021
177 G.IO32 0.4999 * 1 210 0.0940 0.5062
17 8 0*1177 0.4909 211 O .I24O 0.5051
179 O .H 05 0.5003 212 O .II7O 0*4989
180 0*1045 0.5010 213 0.1088 O.5O38
181 O.O938 0.4901 214 O.IO48 0*5020
182 0.1123 0.4993 '215 7 0.0973 0^4986
183 0.1042 0.4731 216 0^.171 0.5018
184 O .II55 0.4995 217 .  0.1122 0.5027
185 0.1042 0*5012 . 218* : O.IG54 0.5020
186 0.0987 0.4989 219 0.0968 0.4992
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TABLE 13. TESTING DATA FOR THE DRAWN STRIP
TENSILE DLMENSIONSOF
TEST TEST-PIECE (inches)
THICKNESS WIDTH
220 0.1122 0.4983
221 O.O967 0.5022
222 O .II56 . 0.5017
223 O .I I3O 0.5015
2 24 0.1100 O .5OI4
223 0.1060 0.4985
226 0.1009 6.5006
m 0.0944 o ;500l
22 8 0.1107 0.4872
229 GU055 0.4955
2 30 0.1031 , 0 .4  929
231 0.0984 6.4974
2 32 0.0905 0.5039
233 0.1130 0.5071
234 0.1079 0.4974
235 0.1026 0.5015
236 0.1146 6.4993
2 37 0.1118; 0.5007
238 0.1645 0.5000
239 0.0975 6^5000
240 0.0934 O.5016
241 0.0837 0.5015
242 0.1195 0.5001
2 43 0.1178 0.5008
244 0.1132 O.5OO2
245 0.1122 O.5011
246 O.IO4O 0.4979
247 0.0926 0.5000
248 O.IO70 0*4991
249 0.1046 0 i 50l 8
250 0.0960 0.5012
251 0.0881 0.5021
252 0.1126 0.5020
TENSILE DIMENSIONS OP
TEST TEST-PIECE (inches)
THICKNESS WIDTH
253 G.1061 0.5021
254 o;i020 0.4967
,255 0.0994 0.4859
256 0.0937 0.5009
257 0.1102 O.5O3O
258 O.IO7O 0.5051
259 0.1040 0.4991
260 0.0995 O.4985
261 0*0939 O.5O57
262 0.0902 O.5O46
263 0; i 095 0.4961
264 0.1050 O.49B3
265 0.0997 0*5028
266 0.0869 O.5045
267 G.1081 0.4953
268 0.1029 0.5005
269 0.0965 0.4999
270 0.1060 0.4995
271 O.O895 0.5013
272 0.1120 0^5039
273 O.IO52 0.5006
274 0.0992 O.4990
275 0.0884 0.4995
276 0.1235 0.4964277 0.1223 0.4986
278 0.1204 0.5005
279 0.1070 O.505I
280 O.Q988 0.5060
281 O .I259 0.5030
282 0.1200 0.5087
283 0.1099 O.5025
284 0.0974 0.4971
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TABLE 14
CONVERSION OF LOAD-EXTENSIOH DATA TO TRUE STRESS AND TRUE STRAIN
TENSILE LOAN EXTENSION TRUE STRESS TRUE STRAIN
TEST . (.kg.)-.-..-... ..... JLsaL... ,( to n f/in 2 )
154 0 0.0000 0.00 0.0533
275 0.0019 4*60 0.0541
380 0.0027 6.36 0.0544
460 0.0035 7.70 0.0547
530 0.0045 8.88 0.0551
575 0.0055 9*64 0.0555
610 0.0069 10*23 0.0561
635 0.0089 10.66 0.0568
650 0.0115 10.92 0.0579
665 0.0161 11.19 O.O597
680 0.0309 I I . 5I O.O654
695 0.0479 11.84 0.0720
155 0 *0.0000 0.00 0.0877
275 0.0017 ' 4.73 0.0883
470 0.0030 . 8.08 0.0888
575 0.0039 9.89 0.0892
650 0.0048 v 11.18 0.0895
710 0.0061 12.22 0.0901
740 O.OO74 12.75 0.0906
755 0.0085 13.01 0.0910
770 0.0105 13.28 O.O918
785 0.0130 13.55 0.0928
792 0.0176 13.70 0.0946
800 0.0290 13.90 0.0990
807 0.0440 14.10 O.IO48
810 0*0494 14.18 0.1069
156 0 0.0000 0.00 0.1440
275 0.0020 5.08 0.1448
560 0.0043 10.35 0.1457
650 0.0053 12.02 0*1461
710 0*0062 13.13 0.1464
770 0.0076 14.25 0.1470
800 0.0090 ’14.82 0.1475
830 0.0118 15.39 0.1486
837 0.0146 15.53 0.1497
845 0.0256 15.75 0.1540
851 0.0456 15.99 0.1618
853 0.0507 16.06 0.1638
. 157 0 0.0000 0.00 0.2179
290 0.0020 5.86 0.2187
545 0.0040 11.02 0.2195
665 0.0052 13.46 0.2199
725 0.0061 14.68 0.2203
770 O.OO7O 15.59 0.2206
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TABLE 14 ( cont. )
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST t a ) .. _ . (cm) _ ( to n f /in 2 )
157 8l§ 0,0085 16.51 0.2212
830 0*0093 16.82 0.2216
845 0.0107 17.14 0.2221
860 0.0129 17*45 0.2230
867 0.0161 17*62 0.2242
871 0*0220 17*74 0.2265
872 0.0320 17.83 0.2304
873 0.0420 17.92 0,2343
874 0.0500 18.00 0.2374
15B 0 0.0000 0,00 0.0320
, 325 0.0021 5.34 0.0328
, 450 0.0031 7.39 0,0332
510 O.OO37 8.38 0.0334
585 0.0048 9.61 0.0339
630 0*0060 10*36 0.0343
660 0*0074 10.86 0.0349
675 0.008? 11.11 0.0354
6901 0.0103 11*36 0,0360
705 0.0151 11.63 0.0379
708 0.0200 11.71 0,0398
717 0,0300 11,90 0,0437
724 0.0400 12.06 0.0476
. 734 _ 0.0520 12.29 0.0522
. 159 0 0.0000 0,00 0.0730
300 0.0021 5*11 0.0738
480 0.0035 8.18 0.0744
600 0.0047 10.23 0.0749
677 . 0.0057 11*55 0.0752
720 0.0065 12,29 0.0756
. 765 0.0079 13.06 0.0761
810 0.0109 13.85 0.0773
825 0.0137 14.12 0.0784
637 0.0200 14.36 0.0808
840 0.0300 14.47 0.0847
842 O.O4OO 14.56 0.0886
846 0,0540 14.71 0.0940
160 0 0,0000 0.00 0.1617
310 0.0022 5.79 0,1626
570 0.0043 10.65 0.1634
750 0.0064 14.03 0.1642
810 0.0075 15.16 0.1647
870 0.0098 16.30 O .I656
900 0.0126 16.88 0.1667
915 0.0180 17.20 0.1688
922 0.0300 17.41 0.1735
925 0.0400 17.53 0.1773
.......# J 5 _  ___ 0.0500 . „ 1J.60 _ 0.1812
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TABLE 14 ( c o n t .)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST .(.kg)... (cm) ( to n f/in 2 )
163 0 n.onno __ —CL. 00 0.2535
265 0.0020 5*49 0.2543
580 0.0046 12.04 0.2553
725 0.0062 15,06 0.2560
785 O.OO72 16.31 0,2563
845 0.0090 17,57 0,2570
875 0,0108 18.21 0.2578
890 0.0128 18,53 0,2585
905 0.0188 18,89 0.2609
907 0.0296 19*01 0,2651
908 0,0396 19»11 0,2690
908 0.0496 19,18 0,2729
908 .. 0,0586 ....... 19,25........_ 0.2763
162 0 0.0000 0.00 0,0674
303 0.0021 5*15 0.0682
588 0,0042 10.00 0,0690
678 0.0052 11.54 O.O694
738 0.0061 12,57 0,0698
798 0,0078 13,60 0,0704
828 O.OO96 14,12 0.0711
858 0.0136 14,65 0.0727
868 0,0200 14,86 0,0752
872 0.0300 14,99 0.0791
874 0.0400 15,08 0.0830
876 0.0500 15,17 0.0869
163 0 0.0000 0.00 0 1361
269 0,0018 4,88 0,1368
584 0.0043 10.61 0.1377
644 0.0050 11.71 0.1380
719 •0.0060 13,08 0,1384
809 0.0077 14,72 0.1391
869 0.0095 15,83 0,1398
914 0.0117 16,66 0.1407
944 0,0157 17,23 0,1422
954 0,0200 17,44 0.1439
956 0.0300 17*55 0,1478
958 0.0400 17,65 0.1517
960 0.0490 17,75 0.1552
164 0 0.0000 0.00 0.2123
305 0,0022 6.02 0.2131
620 0,0047 12.25 0.2141
695 0.0055 13,73 0.2144
770 O.OO65 15,22 0,2148
845 0.0079 16.71 0.2154
890 0.0096 17,61 0.2160
920 0,0116 18.22 0.2168•.... .^35  .... _ 0,0135 18.53 0.2176
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TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST - (cm) ( to n f / in 2)
I 64 950 0.0165 18.85 0.2187
952 0.0200 18.92 0,2201
955 O.O3OO 19.05 0.2240
955 0*0400 19.13 0.2279
....  955 0.0520 19.21 0.2325
165 0 0.0000 0.00 0.3136
270 0.0022 5.86 0.3144
555 0.0046 12.05 0.3154
720 0.0066 15.65 0.3162
825 0.0090 17*95 0.3171
855 0.0104 18.61 0,3176
885 0.0134 19*29 0,3188
900 0.0160 19*63 0.3198
905 0.0182 19.76 0,3207
910 0.0196 19.88 0.3213
914 0.0250 * 20.01 0.3234
166 0 0.0000 0.00 0.0499
285 0,0019 4.70 0,0507
450 0.0031 7.43 O.05I I
570 O.OO42 9.42 O.O5I 6
660 O.OO54 IO .9I 0.0521
735 0.0072 12,16 0.0528
765 O.OO89 12.66 0.0534
795. 0.0122 13.18 0.0547
807 0.0200 13.41 0.0578
811 O.O3OO ■13.53 0.0617
816 O.O4OO 13.67 0.0656
820 0.0458 13.77 0.0678
16? 0 0.0000 0.00 0.1455
300 0.0021 5.54 O .I463
555 0,0039 10*25 0.1470
705 0,0053 13.02 0.1476
780 0.0063 14,42 0.1480
855 0,0077 15.81 0.1485
915 0,0100 I 6.94 0,1494
945 0,0121 17*51 0.1502
962 0,0200 17.88 0.1533
964 0.0300 17.98 0.1572
966 0.0400 18.09 0.1611
_ 967..... . 0,0440 18.14 0.1627
168 0 0.0000 0.00 0.2305
300 0,0026 5.99 0.2316
555 6,0046 U .09 0.2323
705 0.0061 14.09 0.2329
810 0.0076 16.20 0.2335
885 O.OO94 17.71 0.2342
915 0.0110 18.33 0.2349
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ffABLB 14 (oont»)
OTSILE LOAD EXTENSION TRUE STRESS TRUE STRAUS
TEST , (kg). , ... " - - ( ck) ; ... ( to n f /in ^ )
168 945 0*0134 18 9 94 0.2358
956 0.0200 19*21 0.2384
..9 6 3 ....._ 0.0300 19.43 0.2423
169 .0 0.0000 0.00 0.3558
300 0.0027 6*85 0# 3568
615 0.0056 14.05 O.358O
690 0*0066 15*77 O.35S4
765 0*0078 17*49 0.3588
825 0.0094 18*87 0.3595
870 0.0117 19*92 0*3604
890 0.0140 20.40 0.3613
898 0.0200 20*63 0.3636
900 0*0300 20.76 0.3675
900 0*0400 20.84 0.3714
900 0.0480 20.90 0.3745
170 0 0.0000 0.00 0*0876
300 0*0021 5*31 0.0884
600 0.0043 10.63 0.0893
720 0.0056 12.76 O.O898
785 0.0067 13.91 0.0902
840 0*0087 14 • 90 0.0910
855 0.0098 15*17 0 . 09X4
870 0.0112 15*45 0*0920
885 0,0200 15.77 O.O954
887 0.0300 15.87 0.0993
890 0*0400 15.98 0.1032
891 0*0500 16.06 0.1071
171 0 0.0000 0*00 0*1970
305 0.0022 5*91 0.1978
600 0.0046 11.65 O .I988
685 O.OO56 13*30 O .I992
760 0*0066 14.76 O .I996
840 10*0082 16.33 0.2002
-  ' 885 O.OO98 17.21 0.2008
915 0.0115 17.81 0.2015
945 0.0150 I 8.42 O.2O29
957 0*0200 I 8.69 0.2048
957 0*0300 18.76 0.2087
172 0 0.0000 0.00 0.3105
305 0*0029 6.58 0.3117
600 O.OO58 12*95 0.3128
750 O.OO78 16.21 0.3136
840 0.0099 18.16 0.3144
870 0*0111 18.82 0.3149
900 0.0131 19.49 0.3157
920 0.0161 19.94 0.3169
928 0.0200 20.15 0.3184
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TABLE 14 ( c e n t , )
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST t e ) ' (cm) ..... ( to n f / in 2)
172 931 0.0300 20.29 0,3223
931........ 0.0350 20.33 0.3242
173 0 0.0000 0.00 0.1976
145 0.0004 2.79 0il977
295 0.0013 5*6? 0.1981
445 0*0022 8.56 0.1984
595 0.0034 11.44 0*1989
745 0*0055 14* 34 0.1997
820 0.0071 15-79 0.2004
850 0.0085 16.38 0.2009
865 0.0094 16.68 0*2013
880 0*0118 16.98 0.2022
888 0.0174 17*17 0,2044
895 0.0328 17.41 0,2014
900 Q.0470 17; 61 0.2159
174 0 0*0000 0,00 0.2757
150 0.0007 3-12 0.2760
300 0.0017 6.25 0.2763
450 0,0027 9-38 0.2767
600 0.0040 12.51 0.2773
750 0.0056 15-65 0,2779
825 0.0069 17-22 0.2784
8?0 0,0085 18.17 0,2790 *
885 0,0097 18.49 0.2795
900 0.0127 10.83 0,2807
902 0*0160 18.90 0.2820
902 0.0300 19.00 0.2874
175 0 0.0000 0.00 0.3434
155 0,0010 3.46 0.3438
305 0,0025 6 * 8 l 0,3444
455 0,0036 10.16 0,3448
605 0*0053 13.52 0,3455
755 0.0076 16.88 o« 3464
830 0.0095 18,58 0.3472
860 0,0107 19-26 0,3476
875 0.0119 19-60 0,3481
890 o. 0144 19-96 0.3491
892 0.0186 20.03 0.3507
892 0,0346 20,16 0,3570
176 0 0,0000 0.00 0,0886
377 0*0029 6*50 0,0897
482 0*0040 8*32 0*0901
542 0,0048 9-35 0.0904
632 0,0064 10,91 0,0911
752 0.0092 I 3. 00: 0,0922
812 0.0110 14.05 0.9929
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TABLE 14 ( con * .)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST - t e ) ..  icm ) ; .... ( to n f / in 2)
176 827 0.0116 14.31 0.0931
842 0,0128 14.56 0,0936
857 0.0156 14.85 0.0947
862 0,0224 14.98 0,0973
865 0,0344 15.10 0,1020
868 0,0444 15.21 0,1059
870 0.0540 15.31 0.1096
177 0 0.0000 0,00 0,1917
150 0, 0005* 2, 86 0,1919
300 0,0016 5.73 0,1923
450 0,0026 8.59 0.1927
600 O.OO39 11.46 0,1932
750 0,0060 14.34 0,1940
810 0,0076 15.50 0,1946
840 * O.OO89 16,08 0.1952
855 0,0100 16,37 0,1956
863 0,0109 16,53 0.1959
870 0,0121 16.67 O .I964
878 0,0141 16.84 0,1972
885 0,0247 17.04 0,2013
890 __ _0 ,053I. _ 17.33 0.2126
178 0 0.0000 0,00 0.0561
150 0,0020 2.56 0.0585
300 0.0040 5.11 0,0589
450 0.0060 7-67 0.0593
525 0,0075 8,95 0,0596
600 0.0100 10.24 0,0601
675 0,0175 11*53 0, 06l 6
690 0.0220 11.80 0.0624
705 0,0290 12.07 0,0638
720 0,0480 12,38 0,0675
735 0,0880 12.73 0,0753
750 0,1305 13.10 0,0835
765 0,1805 13.49 0.0930
780 0.2355 13.90 0,1034
786 0,2725 14.10 0.1104
179 0 0,0000 0.00 0,1229
150 0,0008 2.67 0.1233
300 0,0021 5-34 0,1238
450 0,0039 8,02 0.1245
600 . 0,0065 10,71 0,1255
750 0.0094 13.40 0,1266
825 0,0118 14.75 0,1276
840 0,0126 15.03 0,1279
855 0.0162 15*32 0,1293
863 0,0302 15.55 0.1348
870 0,0412 15.74 0.1390
87 8 0.0532 15.96 -..0,1437....;,
3 0 0
TABLE 14 (oontv)
■ TENSILE LOAD ■ EXTENSION TRUE STRESS TRUE STRAIN
TEST t e ) (®a) ( to n f / in 2)
l 80 0 0.0000 0,00 0.1764
150 0.0020 2.82 0.1768
300 0,0035 5-65 0.1771
450 0.0060 8.47 0.1776
600 0,0085 I I .30 0.1781
750 0.0130 14.14 0.1790
795 0,0160 15.00 O .I796
825 0,0200 15.57 0.1803
840 0.0225 15.87 0,1808
855 0.0260 16.16 0.1815
870 O.O3IO 16.46 0.1825
885 0,0385 16.77 0,1840
898 0,0735 17.13 0,1908
900 0.1535 17.43 0.2062
901 0.2035 17.62 0,2157
903 0.2735 17.89 0.2289
181 0 0,0000 0,00 0,2843
150 0,0020 3.21 0,2847
300 0.0045 ‘ 6,43 0,2853 .
450 * 0.0075 9.65 0,2858
600 0.0110 12.87 0,2865
675 0.0140 14.49 0,2871
750 0,0180 16*12 0,2879
795 0,0220 17.10 0,2886
825 0,0255 17.75 0,2893
840 0,0285 I 8.O9 0.2899
855 0,0320 18.42 0,2906
870 0,0400 18,77 0.2922
885 0.0575 19.16 0,2956
a&m®. o& zm x
m m m
182 0 0.0000 0,00 0,1114
150 0,0002 2.63 0.1115
300 0,0010 5.27 0,1118
450 0,0020 7.91 0,1122
600 0,0031 10.55 0.1127
750 0.0049 13.19 0,1134
825 0.0064 14.52 0.1140
870 0.0081 15.32 0,1146
900 0.0107 15.87 0,1156
908 0.0131 16,02 0.1166
910 0,0180 16,09 O .H 85
915 _ 0.0501 16,38 0.1310
183 0 0,0000 0,00 0,1820
150 0.0020 3.00 0,1824 •
300 0,0045 5.99 0,1828
- ..450 - 0.0070 9.00 0.1833
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TABLE 14 (cont.  )
TENSILE • LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST (kg) (cm) ( to n f /in ^ )
183 600 0*0100 12.00 0.1839
675 0*0120 13*51 0.1843
750 0.0150 15.02 0.1849
810 0*0200 16.23 0*1859
840 0.0265 * 16.86 0.1872
855 0*0320 17.17 0*1882
870 0*0425 17*51 0*1903
873 0*0655 17*65 0.1948
184 0 0*0000 0 .0 0 0.0773
150 0.0007 . 2*56 0*0776
300 0.0016 5*12 0*0779
45 0 0*0025 7*69 O.0783
600 0*0035 10*25 0*0787
750 0.0051 12*82 0*0793
825 0.0064 14.11 0.0798
870 0*0082 14*89 O.O8O5
885 0.0093 15*16 0.0810
900 0.0113 15*42 0.0818
908 0.0182 15 .  60 040845
915 0*0351 15*83 0.0910
923 0.0511 16*07 0.0972
185 0 0*0000 0.00 0.1807
150 0*0006 2*83 0.1809
300 0*0015 5*66 0*1813
450 0*0025 8*49 0*1817
600 0.0036 11*32 0.1821
750 C.OO5O 14*16 0*1826
900 0.0074 17*01 O .I836
945 0*0088 17.87 O .I84I
975 0*0108 18*45 C.1849
990 0*0128 18*75 C.1857
995 0*0152 18*86 0*1866
......99.5..______. 0*0177 18.88 0.1876
186 0 0*0000 0 .00 0*2375
150 0*0004 3*00 0*2377
300 0*0010 6.00 0*2379
450 0*0018 9*00 0*2382
600 0*0033 12*01 0.2388
750 O.OO56 15*02 0.2397
825 0*0071 16.53 0.2403
870 0*0082 17*44 042407
900 0.0090 184 05 0424U
930 0*0102 18*66 042415
945 0.0110 18*97 0*2418
96O 0*0126 19*28 0*2425
9 1 5 ™ . 0.0170 19.61 0*2442
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TABLE' 14 ( cont. )
■wiiww—i n — —— ftw ^w an —lyiwww ui ii>!»■■■! munm
’ -PENSILE LOAD EXTENSION ffBUE STBESS TKUE STRAIE
‘ TEST t e ) (cm)' ( to n f /ir j^ )
. -g- 0 0*0000 0.00 0.3649: ‘ 155 * 0*0007 3*52 0.3652
305 ' 0*0016 6*92 0.3655
455 ■■ 0*0027 10.33 0*3660
605 0.0043 13*75 0*3666■ 755 ' 0.0066 17*17 0.3675
830 ■ 0*0084 18*89 0.3682
860 ' 0*0095 19.58 0.3686
675 0*0103 19*93 O.3690* ; • 890 0*0113 20*28 0.3693
905 0*0133 20*63 0*3701
917 ... 0*0173 20.94 0.3717
188 , ‘ 0 0*0000 0.00 0.0833
150 ‘ 0*0020 2*73 O.O837
300 0*0040 5.46 0*0841
450 0*0065 8.19 0.0846
600 0.0095 10*93 0*0852
675 ’ 0.0115 12*30 0*0856
750 0*0150 13*6? 0*0863
795 5 0*0180 14*50 0.0869
825 0*0220 15*06 0*0877
840 0*0260 15*35 0*0884
855 0.0340 15*64 0*0900
860 0*0380 15*75 0*0908
865 0*0460 15*86 0*0924
868 0o0760 16*01 O.0982
869 0*1260 16*19 0*1078
872 0*1760 16 * 40 0.1174
880 0*2260 16*71 0*1269
885 ' 0*3005.... ; 17*04 0.1408
18 9 0 0.0000 0.00 0*2152
150 0*0020 3*05 O.2I 56
300 0*0040 6*10 0*2160
450 0.0065 9*16 0*2165
600 0.0090 12*22 0.2170
750 0*0130 15*29 0.2178
825 0*0155 16*83 0*2183
870 0*0180 17*75 0.2188
900 0*0216 18.38 0*2195
915 0.0235 18*69 0*2199
930 0*0275 19*01 0.2206
945 ; 0.0350 19*35 0.2221
955 0.0430 19*58 0.2237
.....  958 ...........  .......... 0.0530 19.68 0.2256
190 0 0.0000 0.00 0.2660
150 0.0010 3*08 0.2664
300 0*0020 6.15 0*2668
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SABLE 14 (oon'
; TENSILE LOAD EXTENSION TRUE STRESS TRUES STRAIii
’ TEST (&£?) (cm) {to n f /in ^ )
0,2672190 450 0#0u3x 9*23
600 0*0044 12*32 0.2677
750 0*0060 : 15*41 0.2683
825 0*0071 I 6.96 0,2688
900 0*0087 18*51 0*2694
945 0*0104 19*45 0.2701
96O 0*0113 19*76 0,2704
975 0*0126 20,08 .0*2709
980 0*0138 20,20 0,2714
987 0.0170 20.36 0.272?
191 0 0.0000 0,00 O.365O
3.50 0*0009 3,39 0,3653
300 0*0020 6*78 0.3657
450 0*0033 10.18 0,3663
600 0,0046 : 13.58 0,3668
750 0*0064 I 6.99 0,3675
825 0*0078 I 8.70 0,3680
900 0*0108 20•42 , 0*3691
915 0.0118 20.7? 0,3696
930 0*0140 21,13 0*3705
935 ............ 0.0180 21.28 0.3720
192 0 0*0000 0.00 0,0466
158 0,0005 2,62 0*0468
308 0*0016 5,12 0,0472
458 0,0027 7.61 0.0477
608 0.0045 10.12 0,0484
683 0,0058 11.37 0.0489
758 0.0080 12.63 0.049?
803 0.0110 13*39 0,0509
8X8 ’ 0,0136 13.66 0,0519
833 0*0220 13*95 0*0552
841 0,0370 14*17 0,0611
848 0.0520 14.37 0.0669
193 0 0*0000 0,00 0,0788
150 0.0010 2*56 0,0792
300 0.0021 5*12 0.0796
450 0.0032 7.68 0.0800
600 0.0046 10.25 0.0806
750 0,0067 12.82 0.0814
825 0.0087 14.11 0.0822
870 0.0110 14* 90 0.0831
900 0.0139 15*43 0*0842
915 0.0177 15.71 O.O857
923 0.0307 15*93 O.O9O8
930 0,0477 16.15 0.0974
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flABUS 14 ( cent. )
TENSILE LOAD EXTENSION m m  s t r e s s TRUE STRAIN
TEST (&£> ■ ( cm) ( tc n f / in 2 )
. 194 0 0*0000 0.00 0.0794
145 0.0002 2.47 0.0795
295 ' 0.0010 5*03 0.0798
445 0*0024 7*59 0.0803
595 . 0*0047 10.16 0.0812
745 0.0075 12.73 0.0823
820 0*0091 14*03 O.G83O
86$ 0*0105 14.80 0.0835
89$ 0.0118 15.32 0.0842
910 . 0*0131 15.59 0.0845
92$ . 0.0154 15.86 o;o854
933 . 0*0170 16.01 0.0860
940 , 0*0258 I6 ; i8 O.O895
948 0.0488 16.47 0.0984
195 "0 . 0*0000 0.00 0.0863
150 . 0.0010 2.58 0.0867
300 , 0.0020 5.15 0.0871
450 0*0034 7.73 0.0876
600 : 0*0051 10.32 0.0883
750 - 0.0074 12.91 O.O892
825 O.OO92 14.21 O.O899
870 O.OIO9 15.00 0.0906
900 0.0128 15.52 0.0913
915 0.0150 15.80 O.0922
928 O.OI84 16.04- 0.0935
930 0.0254 16.12 O0O962
937 0.0404 16.34 0.1021
..  940... 0.0504 16.45 0.1059 . .
196 0 0.0000 0.00 0.1187
150 0.0003 2*66 0.1188
300 • 0.0012 5.33 O .I I92
450 0.0024 8.00 0.1197
600 0.0035 10.67 0.1201
750 0.0049 13.35 0.1206
900 - 0.0068 16.03 0.1214
945 0.0080 I 6.84 O .I2I 9
975 O.OO94 17.38 0.1224
990 0.0105 17.66 0.1228
998 0.0118 17.81 0.1223
1005 0*0160 17.97 0.1250
1005 0.0230 18.01 0.1277
197 0 0.0000 0.00 O .I I98
155 0.0006 2.7 6 0.1200
305 0.0018 5.44 0.1205
455 0*0029 8.12 0.1209
605 0*0040 10.81 0.1214
3 05
TABLE 24 (comt.)
TENSILE. LOAD : EXTENSION TRUE STRESS TRUE STRAIH
TEST t e ) .. .... :...1 pm); _...... ( fconf/in2)
197 755 0.0055 13o49 0.1220
830 O.OO67 14*84 0.1224
905 0.0085 16.19 0.1231
950 0.0107 17*01 0.1240
965 0.0122 17*29 0.1246
980 0.0148 17.58 0.1256
988 0.0278 17.81 O .I307
990 0.0478 17.99 .......... 0.1384
198 0 0.0000 0 .00 0.1259
150 0.0009 '.2.71 0.1262
300 0.0020 5.42 6.1266
450 0.0032 8.14 0.1271
6 00 0.0046 10.86 0.1277
750 G.OO66 13.59 0.1285
825 ' 0*6082 14.95 0.1291' 900 0.0107 16.33 0.1301
930 0.0126 16.  89 0.1308
945 O.OI39 17.17 0.1313
96O 0.0163 17.46 O .I323
967 0.0194 17.61 0.1335
975 0.0316 17.84 0.1382
977 ...... 0.0456 17.97 0.143?
199 0 0.0000 0 .00 0.1884
150 0.0003 2.85 0.1886
300 0.0012 5*70 O .I889
450 0.0021 8 .55 0.1893
600 0.0033 11.41 0.1897
750 0.0048 14.27 O.1903
900 0.0071 17.14 0.1912
945 0.0083 18.01 0.1917
*975 O.OG93 18.59 0.1921
990 0.0100 16.88 0.1924
1005 0.0111 19.17 0.1928
1020 0.0128 19.47 0.1935
1025 0.0164 -M .5 9 .......... 0.1949
200 0 0.0000 0 .00 O.279I
145 0.0006 3.00 0.2793
295 0.0018 6 .1 1 0.2798
445 0.0030 9.23 0.2803
595 0.0047 12.34 0.2810
745 0.0067 15.47 0 . 281?
895 O.OO95 18.60 0.2828
970 0.0120 20.18 0.2838
985 0.0134 20.51 0.2844
995 0.0148 20.73 0.2849
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TABLE 14 ( c o n t . )
TENSILE LOAD ' EXTENSION TRUE STRESS TRUE STRAIN
TEST t e ) . .. ' . (crn)...... ( to n f / in <:)
201 0 0.0000 0,00 0,1255
155 0*0004 2.77 0.1257
305 0*0012 5*46 0.1260
455 O.OO23 8 .15 0.1264
605 0.0035 10,84 0.1269
755 O.OO5O 13.53 0.1275
905 0.0074 16*24 0.1284
950 O.OO89 17.05 0,1290
98O 0.0109 17.61 0.1298
995 0*0131 17*89 0,1307
1003 0.0151 18.05 6.1314
1009 0.0211 18*20 0.1338
202 0 0.0000 0.00 0*1595
150 0*0008 2,77 0*1598
300 oioo i9 5.54 0*1602
450 0.0030 8.31 0*1607
600 0.0043 11.09 0.1612
750 0.0059 13.87 0.1618
900 0.0083 16.66 0.1628
945 0.0096 17,51 0*1633
975 0.0114 18*07 O .I64O
990 0.0132 18.36 0.164?
1005 0.0154 18,66 0.1655
1010 0.0176 I 8.77 0*1664
1013 0.0216 18.85 0.1680
*™ 203 ~ 0 0.0000 0.00 6.3066
300 . 0.0010 6.43 0*30?0
450 0*0022 -9*65 0.3075
; 600 . 0.0034 12.87 O.3079
750 . 0.0052 16.10 0*3086
825 0*0063 17.72 0.309A
870 0*0073 18.69 0,3095
900 . 0.0082 19.34 0,3098
915 . 0.0088 19.67 0,3101
930 , 0,0096 20.00 O.3IO4
945 , 0*0106 20.33 0.3108
96O 0.0120 20.66 0.3113
975 0.0139 21,00 0.3121
983 0.0180 21,21 0.3137
985 0.0236 21*30 0.3158
204 0 0.0000 0,00 0*0644
300 O.OOO? . 5.05 0.0647
450 0.0017 7.58 O.O65I
600 0.0032 10.11 0.0657
750 O.OO57 12,65 0.066?
825 0.0082 13.92 0.0677
855 0.0099 14.44 0.0683
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TABLE 14 (oorrb.)
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST _..(*&)____ (cm) ( to n f/in ^ )
204 070 0.0111 14*70 0.0688
885 0.0129 14*96 0,0695
893 0.0154 15*11 0.0705
900 0.0234 15*28 0.0736
905 O.O374 15*45 0.0790
908 0.0474 15*56 0.0829
205 0 0.0000 0 .00 . 6.1726
150 0.0005 2,81 0.1728
300 0.0016 '5*62 0,1732
450 0.0025 8,43 0,1736
600 0.0036 11.24 • 0,1740
750 0.0054 14*06 0.1747
900 0.0068 16.88 O .I752
■ 945 0.0091 17*74 0.1761
915 0.0103 18.32 0.1766
990 0.0111 18.60 0.1769
-■ 1005 0.0122 18.89 0.1774
1020 0.0136 19*19 0.1779
• 1035 0.0170 19*49 0.1792
1037 0.0230 19.58 0.1816
206 0 0.0000 0.00 0,0332
95 0.0006 1,50 0,0335
245 0.0015 *3.87 0,0338
395 0.0025 6,24 O.O342
545 0,0038 8,62 0.0347
62Q/ 0,0048 9*81 0.0351
665 0,0060 10.52 0.0356
695 0.0076 11.00 O.O362
725 0.0103 11.49 0.0373
740 0.0135 11.74 0,0385
755 o .o ia i 12.00 0.0403
765 0.0221 12.18 0.0419
775 0.0275 12.37 O.O440
785 0.0337 12.56 0.0464
795 0.0397 12.75 0,0487
805 0.0487 12.95 0.0522
20? 0 0.0000 0.00 0.0662
150 0,0009 2,43 0,0666
300 0.0019 4*87 0.0670
450 0.0029 7*30 0.0674
600 0.0041 9*74 0.0679
675 0,0049 IO.96 0,0682
750 0.0063 12.19 0.0687
780 0.0072 12.68 O.O69I
810 0.008? 13.17 0.0697
840 O.OII5 13*68 0.0708
855 0.0137 13.93 0,0716
3 0 8
TI313XLE LOAD EXTEBSIOI TRUE STRESS TRUE STRAIN
TEST (fcs.)'.... . . .  Ccm)_ ( io n f / in 2)
207 870 0*0167 14*19 0.0728
885 0.0225 14*47 0,0751
9 00 0.0297 14*76 0.0779
915 0.0387 15*06 0,0814
......93P_ 0 . 048? : . 15 . 36 .... 0,0852
208 0 • 0.0000 0 .00 0.1351
150 0.0009 2.62 0,1355
295 0.0018 5*15 0,1358
450 0.0027 7.86 0,1362
600 •' 0.0037 10.49 0,1366
745 ■ 0.0048 13.03 0.1370
900 0.0071 15*76 0,1379
930 ■ ‘ 0.0081 16.29 0.1383
96O 0.0096 16.82 0,1389
990 0.0129 17*37 0,1402
1005 0.0160 17.66 O.1414
1020 ' 0*0224 17.96 0,1438
1035 ' 0.0316 18.29 0,1475
1050 ' 0i0436 18*64 0.1522
1065 " 0*0578 19.02 0.1576
209 :;0 0.0000 0.00 0*1888
,150 0.0009 2*74 O .I89I
4§o 0.0028 8.24 O .I899
6 00 0.0039 10.99 O .I903
750 ■’ 0,0050 13.74 O .I907
900 ‘ 0.0065 I 6.50 0,1913
975 0.0076 17.88 0 . 191?
1050 " 0.0100 19.27 0.1927
1080 0.0125 19*84 0.193?
1110 ! 0,0169 20.43 0.1954
1125 . 0.0226 20.75 O .I976
1X40 0.0313 21.10 0 ,2uX0
1155 . , 0.0429 21.47 0.2055
1169 0.0569 21.85 0.2109
210 0 , 0.0000 0.00 0.3229
155 . 0.0011 3.21 0.3234
300 0.0021 6.21 0.3238
450 , 0*0032 9*32 0.3242
605 . 0*0043 12.53 0.3246
755 , 0.0055 15.64 0.3251
900 . 0.0068 18.66 0.3256
1050 0.0084 21.78 0.3262
1 1 3 0 . 0.0097 23.45 0.3267
1200 0.0116 24.92 0.3275
1230 0.0130 25.56 0.3280
1260 0*0153 26.21 0,3289
.1275 0.0173 26.54 0.3297
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TABLE 14 ( cont , )
. TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
; TEST .............  ........ (cm); . ( to n f /in ^ )
, 2X0 12S0 G.0203 26,88 0.3309
1300 0*0249 27.14 0*3327
1305 0*0299 27.30 0.3346
, 1310 0*0369 27.48 0.3374
1315 0*0419 27.64 0.3393
1320 0.0499 27.63 0.3424
, 1324 0*0565 27.98 . 6.3449
211 0 0*0000 0.00 0.0513
295 0*0017 4.64 O.0519
599 0*0034 9.36 0.0526
745 0*0046 11*72 O.053I
895 0*0067 14.10 q .0539
* .  975 0*0087 15.37 0.0547
1045 0*0133 16.50 0,0565
1120 0*0317 17*81 0,0637
1145......................... 0*0527 18*36 0,0718
212 0 0*0000 0.00 O.IO56
, 295 ; 0.0017 4,98 0,1063
590 0*0034 9*96 0.1070
760 0*0048 12.84 0.1075
895 , O.OO63 15.13 0.1081
1045 0*0090 17.68 0.1092
1195 0.0176 20.29 0.1125
1240 0.0316 21.17 0.1180
1265 0*0566 21.80 0,1277
213 0 0*0000 0.00 0,1844
30? 0.0020 5.52 .0.1852
600 0.0039 10.79 0.1859
900 0.0065 16,21 0.1870
1050 0.0084 18.92 0.1877
1200 0.0120 21.66 O .I891
1275 0.0168 23.05 0.1910
1320 0*0240 23*93 0.1938
1335 0.0310 24.27 0.1965
1350 0*0430 24.66 0.2012
1363 0.0570 25,03 0.2066
214 0 0.0000 0.00 0.2189
305 0,0018 5.71 0.2196
602 0.0038 11.28 0.2204
902 0,0063 16,92 0.2214
1050 0,0081 19.71 0.2221
1200 0.0115 22,55 0.2234
1275 0,0157 24.00 0*2251
1350 0,0360 25.62 0.2330
1365 0.0520 26,06 0,2392
3 1 0
TABLE 14 ( c o n t , )
W SIL E LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST _ L e m ) ___ ( to n f / in 2)
215 ' . 0 0,0000 0 .00 0.2968
305 0.0022 6.19 0.2976
600 0.0042 12.19 0.2984
915 O.OO69 18.61 0,2995
1053 0.0085 21.43 0.3001
1200 0.0111 24.45 0.3011
1275 0.0141 26.01 0.3023
1350 0.0225 27.63 0,3056
1365 0.0315 28.03 0,3091
1382 0.0565 2 8.66 0,3188
216 0 0.0000 0,00 0,0242
150 0.0008 2.51 0.0245
300 0.0019 5 .O3 0*0250
450 0.0029 7.55 0,0253
600 0.0044 .10.07 0.0259
- 6 75 ; - . 0.0058 11,33 0.0265
705 0.0068 11.84 0,0269
720 0.0076 12.09 0.0272
735 O.OO9I 12.35 O.O278
750 0.0115 12.62 0,0287
755 0.0146 12.72 0.0299
760 0.0226 12.84 0,0331
765 O.O3O6 12.97 0.0362
770 o« 0406 13.10 0.0401
. ...775 0.0466 13.22 0.0424
217 0 0.0000 0.00 0.0667
3.48 0.0009 2.58 0.0670
298 0.0021 5*21 0,0675
448 0.0033 7.83 0.0680
598 0.0048 IO.46 0.0686
748 0.0069 I 3 .O9 O.O694
793 0.0082 13.89 O.O699
823 0,0102 14,42 O.G707
838 0.0124 14*70 0,0715
845 0,0150 I 4 .64 0,0726
851 0.0224 14.98 0.0754
853 0.0324 15.08 0.0793
860 0.0526 15.32 0.0872
218 0 0.0000 0.00 O.1309
150 0.0008 2 . 1 9 0,1312
300 0.0019 5.59 O .I316
450 0,0031 8. 38 0.1321
600 0.0047 11.18 O.1327
750 O.OO67 13.99 0.1335
825 0,0085 15.40 0.1342
855 0.0101 15.97 0.1349
8?0 0.0116 16.26 0.1354
3 1 1
(TABLE 14 (cont . )
(PENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
(PEST (k&) ....... ..J c m l....... ( to n f /in ^ )
218 885 0.0136 16.55 O .I362
892- 0.0177 16.71 0.1378
895 • 0.0263 16. p2 0.1412
900 0,0403 17.01 0.1466
901 0.0543 17.12 0.1520
219 0 0.0000 0.00 0.2149
150 0.0011 3.06 0.2153
300 0 . 0022 6.12 0.2158
45 0 0.0033 9.18 0.2162
600 o;oo47 12; 25 o ;2i 6?
750 0^0064 15* 32 o;2174
825 0.0078 16> 86 0.2180
870 0.0094 17.79 0.2186
885 0.0105 18.11 0.2190
900 0.0118 18.42 o ;2 l95
907 0.0129 18*57 0.2200
914 0.0166 i s ;  74 0;2214
915 0.0246 18^82 0.2245
_  -917 0.0510 19.06 0,2348
220 0 0.0000 0.00 0.0664
160 0.0008 2.82 0^0667
310 0.0018 5.46 O.O67I
460 0.0028 8.11 0.0675
610 0.0041 10.76 0.0680
760 0.0058 13.42 0,0687
835 0.0071 14.75 0.0692
910 0*0095 I 6.09 0.0701
925 0.0105 I 6.36 0.0705
940 0.0121 16. 63, 0,0711
955 0.0143 1 0.0720
96O O.OI9I 17.03 0.0739
963 0.0321 17.17 0.0789
- 965 0.0461 17.30 0.0844
221 0 0.0000 0.00 0,2182
148 0.0008 3.00 0,2185
298 0.0020 6 .O5 0,2190
448 0.0032 9..10 0*2195
598 0.0045 12.15 0.2200
748 0.0062 15.20 0.2207
823 0.0073 16.74 0.2211
898 Q.OO89 18.27 0.2217
943 0.0105 19.20 0.2223
973 0.0124 19.83 0.2231
988 0.0139 20.14 0.2237
995 0.0147 20.29 0.2240
1003 0,0164 20.47 0,2247
1004 0.0204 20.52 0.2262
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TABLE 14 (c o n t.)
TENSILE LOAD EXTEBSIOH TRUE STRESS TRUE STRAIN
TEST t e ) (cm) ( to n f /in ^ )
222 0 0,0000 0*00 0.0153
441 0.0028 7*49 0.0164
576 ' 0.0041 9.79 0.0169
636 ’ 0.0049 10.82 0.0172
666 0.0056 11.33 0.0175i 696 0.0068 U .85 0.0180
{ 726 * 0.0094 12.37 0.0190
741 0.0148 12.65 0*0211
• 750 -  0*0238 12*85 0.0246
756 0*0368 13*02 0.0297
760 ’ 0*0490 13.15 0*0344
223 0 0.0000 0.00 0*0380
381 0.0024 ' 6.62 0.0390
516 0*0036 8 .9  8 0.0394
.. ■ 606 * 0*0046 ; 10.55 0.0398
681 0.0056 11*86 0.0402
726 0*0066 12. 64 0.0406
756 0.0076 13*17 0.0410
• 786 0*0095 13.70 0,0418
801 0.0116 13*98 0,0426
809 0.0146 14.13 0.0438
815 0.0206 14*27 0.0461
816 0*0326 14*36 0*0508
818 0.0500 ; 14*49 0,0575
224 0 0.0000 0.00 0*0617
366 0.0024 6.54 0,0627
546 0.0040 9*76 0,0633
" 636 0.0051 11.37 0*0637
696 0.0062 12.45 0.0642
741 0.0074 13*26 O.O646
786 0.0092 14*08 0.0653
816 r 0.0114 14*63 0.0662
831 0*0132 14*91 0*0669
839 0*0156 15*06 0*0678
845 0.0220 15*21 0.0703
847 0.0340 15*32 0.0750
850 0.0500 15.47 0,0812
225 0 0.0000 0.00 0.0998
336 0.0023 6.26 0.1007
531 0.0039 9.90 0.1013
591 0.0045 I I 0O3 0.1016
711 0.0060 13.27 0.1022
756 0.0069 14.12 0.1025
801 O.OO85 14*97 0.1032
816 0.0095 15.25 0.1035
831 0.0115 15*55 0.1043
846 0.0143 15*85 0.1054
313
TABLE-14 (c o n t . )
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST _ (KS») ........ - (on) ( to n f / in 2)
225 856 0*0243 16.10 0.1093
859 0.0343 16.21 0.1132
860 0.0503 16.33 0.1194
226 0 0.0000 0 .00 0.1483
411 *0.0028 8 ,02 0.1494
561 0.0040 10.95 0.1499
666 0.0051 13*00 0.1503
7 26 0.0060 14*18 0.1507
771 0.0069 15*06 O .I5IO
801 0 .0078 15*66 O .I5I 4
831 0.0094 16.25  . , . . O .I52O
846 0.0108 16.55 O .I525
861 0.0126 16.86 0.1533
876 0.0158 17*18 0.1545
887 0.0258 17*46 0 .1584
888 0.0378 17*56 0.1631
888 0.0558 17.68 0.1700
227 0 0.0000 0 .00 0.2182
426 0.0034 8 .89 0 .2195
576 0.0048 12.03 0.2201
72 6 0.0067 15.18 0.2208
786 O.OO79 16.44 0.2213
816 0.0088 17.07 0.2217
846 0.0102 17*71 0.2222
861 0.0118 18.03 0.2228
87 6 0.0136 18.36 0 .2235
891 O.OI98 18.72 0.2260
894 0.0318 18.87 0.2306
894 0.0418 18.95 0.2345
228 0 0.0000 0 .00 0,0566
347 0.0021 6*34 0.0575
497 0.0033 9.08 0.0579
632 0.0046 11*55 0.0585
692 0.0054 12.65 . O.O588
722 O.OO59 13.21 O.O59O
767 0.0068 14.03 0.0593
797 0.0078 14.59 0.0597
812 9.0086 14*87 0.0600
827 O.OO98 15.15 0.0605
842 0.0114 15*'43 0.0611
848 0.0126 15.55 0.0616
857 0.0166 15.74 0*0632
859 O.O3OO 15.86 0.0684
862 0.0400 15.98 0.0723
863 0.0520 16.07 0.0769
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TABLE 14 (c o n t .)
TENSILE LOAD EXTENSION TRUE STEESS TRUE STRAIN
TEST .(kg) _ (cm) ( to n f / i n 2)
229 0 0*0000 0 .0 0 0.1048
422 0*0027 7«95 0.1059
587 0*0041 11.07 0.1064
677 0*0051 12*77 0.1068
752 0*0065 14.20 0.1073
797 0*0077 15*05 0.1078
827 0*0087 15.62 0.1082
857 0.0099 16.20 0.1087
8?2 0*0107 16.49 0.1090
88? 0.0124 16.78 0.1097
902 0.0157 17.09 0.1110
904 0.0200 17.15 0.1126
906 0.0300 17.26 0.1165
908 0.0400 17.37 0.1204 "
908 0.0540 17.46 0.1258
230 0 0.0000 0 .00 0.1273
407 0.0027 7 .89 0.1283
572 0.0041 11.10 O .I289
692 0.0055 13.43 0,1294
767 0,0067 14.90 0.1299
812 0.0077 15.78 0,1303
842 0.0087 16.37 O .I307
871 0.0107 16.94 0,1315
887 0.0123 17.27 0,1321
901 0.0167 17.57 0.1338
903 0.0247 17.66 0,1370
905 0.0347 17.77 0 .1408
906 0.0530 17.92 0.1479
231 0 0 .0000 0 .0 0 0.1760
392 0.0026 7.89 O .I77O
527 0.0038 10*62 0*1775
617 0.0047 12.43 0*1778
722 0.0062 14.56 0*1784 ‘
797 0.0077 16.08 0,1790
827 0.0086 16 • 69 0,1794
857 0.0100 17.31 0*1799
872 0.0115 1?*62 0.1805
887 0.0136 17.94 0.1813
904 0.0198 18.32 0,1838
907 0.0298 18.46 0.1877
910 0.0458 18.63 0*1939
232 0 0.0000 0 .00 0.2581
362 0.0028 7.82 0,2592
542 0.0044 11.72 0,2599
647 O.OO55 13.99 0.2603
737 0.0068 15.95 0.2608
782 O.OO78 16.93 0.2612
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TABLE 14 (cont.V
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
. TEST _ t e ) .... (cm) ( to n f/in ® )
232 812 0.0087 17.59 0.2615* 842 0.0103 18.25 0.2622
872 0,0130 18.92 0.2632
886 0.0154 19.24 0.2642
889 0.0250 19.38 0.2679
-  894 0.0330 19.55 0.2710
8 9 5 .... 0.0400 19.62 0.2738
233 0 0.0000 0 .0 0 0.0379
395 0.0024 6 .79 0.0388
/,*  ■ 560 0*0037 9.64 0.0393
695 0.0051 11.96 0.0399
740 0.0057 12.74 0.0401
785 Oi0067 13.52 0.0405
815 0.0077 14.05 0.0409
845 0,0091 14.57 0.0414
875 O iO lll 15.10 0,0422
890 OiOl29 15.37 0,0429
897 0.0147 15.50 0.0436
904 0.0200 15.65 0,0457
908 040300 15.78 0,0496
910 040400 15.88 0.0535
. ; ■ ' 910 0.0500 15.94 0.0574
234 0 040000 0 .00 0.0833
410 040026 7 .53 0.0843
605 0.0042 11.12 0.0849
710 0.0053 13.05 O.O854
800 0.0066 14.71 O.O859
830. O.OO73 15.27 0.0862
860 0.0082 15.83 0.0865
890 0.0095 16.39 0 . 087©
905 0.0106 16.67 O.O875
920 0.0120 I 6 .95 0.0880
930 0.0134 17.15 0.0885
935 0.0176 17.27 0.0902
940 0.0300 17.45 O.O95O
940 0.0420 17.53 0.0997
235 0 040000 0 .00 0.1330
365 0.0024 6 .99 0.1340
545 0*0038 10.44 0.1345
635 0,0047 12.17 0.1349
725 O.OO58 13.90 0.1353
785 0.0067 15.05 0.1357
830 0,0076 15.92 0.1360
875 0.0088 16.79 O .I365
905 0.0100 17.38 0.1370
935 0.0119 * 17*97 0.1377
950 0.0149 18.28 0.1389
3 1 G
g/iBLIS 14 ( c o n t .)
1 TENSILE LOAD EXTENSION TRUE STRESS TRUE STKAIE
TEST .... ( k g ) .. : ( c m) ( to n f / in ^ )
235 956 0*0200 18,43 0,1409
......956 ....... 0,0330 18.52 0 * 1 4 5 9 _
236 0 0,0000 OfOO 0.0755
575 0,0040 9*91 O.0770
740 0,0053 12,76 0,0775
875 0,0067 15.09 0 . 078I
935 0,0074 . 16.13 0 ,0784
995 0,0084 17*17 0,0788
1055 0,0096 18.22 0.0792
1100 0,0109 19*00 0.0797
1145 ; 0,0128 19*79 0 .O805
1175 0.0149 20.33 0.0813
1190 0,0166 20.60 0.0820
1205 0,0184 20.88 0.0827
1220 0,0214 21.16 0.0838
1235 0 .0242 21.45 0.0849
1250 0.0310 21.76 0.0876
1265 0.0416 22,12 0.0917
1278 0,0524 22.44 0.0959
237 0 • 0.0000 0 ,00 0,0981
603 0.0043 10.62 0.0998
755 0,0057 13.30 0*1003
903 0.0074 15*92 0.1010
978 0,0085 17.25 0.1014
1023 0.0093 18 v05 0.1017
IO83 0.0105 19.12 0*1022
’ 1128 0.0117 19* 92 0.1027
1158 0.0127 20.46 0 .1030
1188 C.0141 21.00 0*1036
1218 0.0161 21.55 0 .1044
1248 0.0192 22210 O.IO56
12? 8 0.0261 22.70 0*1083
1293 0.0315 23.01 0,1104
1308 0.0435 23.39 0.1150
1320 0,0539 . 23.70 0.1191
238 1 0 OwOOOO 0.00 0,1582
622 0.0040 11.73 0.1598
817 0.0057 15*42 0*1605
; 937 0.0070 17.69 0.1610
1017 0.0080 19.21 0*1614
1072 0.0088 20.26 0.1617
1132 0,0099 21.40 0 .1621
1162 0.0106 21.97 0.1624
1192 0.0114 22.55 0.1627
1222 0.0124 23.13 0.1631
1252 0.0138 23.71 0,1636
1282 0.0158 24.29 0 .1644
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TABLE 14 (cont.)
TEISILE LOAD EXTENSION TRUE STRESS TRUE STRAIK
TEST t e l .............. (cm) ( to n f /in ^ )
238 1312 0.0X92 24*89 0.1658
1327 0.0226 25*22 0.2671
1342 0.0288 25*56 O .I695
1357 0*0424 25*98 0.1748
........  1365. 0.0544 26*26 0.1794
239 0 0.0000 0 .00 0.2272
637 0*0044 22.88 0*2289
832 0*0063 26*84 0*2297
967 0*0079 19.58 . 0.2303
1027 1 0*0088 20.82 0.2307
IO87 0*0098 22.03 O.23IO
■ ' ! • 2X47 0*0X20 23*26 0*2315
;'1. 1 2207 0*0224 24*49 0*2321
2252 0*0238 25*42 0.2326
2282 0*0250 26*03 0.2331
1; 2322 0*0270 26*66 0.2339
1 : 2342 ; 1 '0 .0 2 0 2 27*32 0.2351
2372 0*0276 28.00 0.2380
2387 0*0436 28.48 0.2442
2396 • 0*0576 28.82 0.2496
240 0 0.0000 ' 0 .0 0 0.2702
607 0*0045 22.77 0.2719
832 0.0067 27*52 0.2728
952 0.0082 20*06 0*2734
2027 0.0092 22.64 0.2738
2202 0*0204 ' 23*24 0.2743
2277 0.0220 24*83 0.2749
2252 0*0242 26.44 0.2758
2282 0.0255 27.09 0.2763
2322 0.0275 27*74 0*2770
2542 0.0205 28 .42 0.2782
1357 0.0225 - 28*75 0*2790
2372 0.0275 29*12 0.2809
2387 0*0349 29.53 0.2838
2400 0.0509 29.99 0.2900
241 0 0*0000 0 .0 0 0.3798
637 0.0049 24.97 0.3817
862 0.0072 20.27 0.3826
967 0.0082 22.75 0.3830
2072 0.0099 25.23 0.3837
2232 0.0209 26.66 0.3841
2292 0.0222 28.08 0.3846
2237 0.0235 29.26 O .385I
2267 0.0246 29*88 0.3855
2297 0.0266 30.62 0.3863
132? 0. 0X90 31*35 0.3872
2342 0.0222 31*73 0.3881
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TABLE 14 (cont.)
TEISXLE LOAD ' EXTEISJOiT TRUE STRESS TRUE STRAIR
TEST t e ) (cm l ___.. ( t o n f / i n ^ )
241 1357 0*0269 32.16 0.39P3
1362 0.0369 32.40 0*3942
1367 0.0489 32.67 0 * 3 9 8 9 .
242 0 0.0000 0 .00 0*0182
302 0*0020 4.9B 0*0190
602 0*0044 9*93 0.0200
679 0*0053 11*21 0.0203
752 0*0064 12.40 0*0207
797 0*0074 23* 26 0.0211
872 0*0102 14.42 0.0222
902 0*0126 I4i.93 0.0232
977 0*0340 16.31 0*0315
997 0*0480 16.73 0.0369
243 0 0*0000 • 0 .0 0 0*0460
295 0.0018 4*92 0*0467
606 O.OO38 20.12 0.0475
749 0.0052 22.52 0*0481
828 0*0066 23*85 0*0486
871 0.0078 24.58 0.0492
901 0.0094 15*09 0*0497
947 0.0144 15*89 0 .0 5 1 7 '
977 0*0236 26.45 0.0553
1007 O.O436 27*09 0*0630
1018 0*0526 17*33 0 .0665  ;
244 0 ' 0.0000 0 .0 0 0*0716
302 0.0015 5*25 0.0722
602 0.0033 10.47 O.0729 ,
753 0.0046 23.11 0 .0734  E
902 0*0071 25.72 0 .0744
977 0*0107 27*05 0.0758
1007 0.0139 17*59 0*0770
1022 0.0182 17*89 0.0787
1037 0.0258 18 .20 0.0827
2052 0.0358 18.54 0.0856
1067 0.0498 18.90 0 .0910
245 O 0.0000 0 .00 0.0988
30 6 0.0016 5.36 0 .0994
615 0.0034 10.78 0.2002
745 0.0044 13.07 0.2006
910 0*0066 15*97 0 .1014
98O 0.0088 17*22 0 .1023
1026 0.0120 18.05 0 .1035
1055 0.0170 18.60 0.1055
1086 0.0320 19.25 0*1113
1104 0.0480 19.69 0.1175.
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I'ABLE 14 (cont.)
TEMSILE LOAD EXMSIOH T R m  STRESS TRUE STRAIE
TEST (kff) (cm) ( to n f /in ^ )
246 0 0.0000 0 .00 0.1700
300 0.0019 5.71 0.1707
604 , 0 . 0 0 3 9 I I .50 0,1715
906 O.OQ64 17.27 0.1725
980 0.0073 I 8 .69 0,1729
1055 0.0087 20.13 0.1734
1131 0.0121 21.61 0.1747
1160 o ;o i4 9 22.19 0,1758
1190 0.0260 22,86 O .I8O2
1206 0.0360 23.24 0 il8 4 1
1220 0.0520 23.68 0.1903
247 : 0 0.0000 0 .00 0,2943
310 0,0022 6.84 . 0.2952,. .
605 0,0044 12.97 0.2960
903 0.0069 19.37 0,2970
1057 040086 22,69 0 .2 9 7 7 “
1145 o;o ioo 24.59 0.2982
1205 0.0116 25.90 0.2989
1252 c ;o i40 2 6 .9 3 0*2998
1295 0,0204 - 27.93 G;3023
1310 0.0290 28.35 0.3056
1321 0.0420 28.73 0,3107
_ 1325 0.0560 28*97 0*3161
248 : ; 0 0.0000 0 .00 0,0712
150 0.00(58 2.77 O.O7I 5
300 0 . 00X8 5.54 0.0719
450 0.0028 8.31 O.O723
600 0.0040 11.08 0.0728 •
750 0,0058 13.86 0 ,0735
825 0,0075 I 5.26 0*0741
855 0.0088 15.82 0.0747
870 0.0098 16.10 0 .0750
885 0, 0X16 16.39 0*0758
892 O.OI56 16,55 0.0733
. 896 0.0238 16.68 0.0805
898 0.0478 16,87 0.0898
249 0 0.0000 0 .00 0,0964
150 0,0009 2.81 O.0967
300 0.0019 5.63 0.0971
450 0.0028 8 .45 0.0975
600 0.0040 11.27 0.0979
750 0.0055 I 4 .O9 O.O985
825 0,0069 15.51 O.O99I
870 0.0084 16.37 - O.O997
885 0,0094 16.66 0.1001
900 0,0112 16,95 0,1008
905 0.0124 17.05 0.1012
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TAKLB 14 ( c e n t . )
TENSILE LOAD ' ..EXTENSION TRUE STRESS TRUE STRAIN
TEST _........; (c^L . ( to n f /in ^ )
; "249 ™  910 0*0164 17.17 0.1028
912 0.0244 17.26 0.1059
913 0.0464 ...............17.41 0.1145
250 0 0.0000 0. 00 O.1805
150 0.0010 3.07 0.1809
300 0.0020 6*14 0.1813
450 0.0030 9.22 0.181?
600 0.0043 12. 30 0.1822
750 o;oo59 15.38 0.1828
825 0.0072 16.93 0*1333
855 0.0080 17.55 0.1837
870 - 0.0087 17.86 0.1839
885 0.0097 18.18 0*1843
900 0*0112 18.50 0.1849
911 ■ 0.0136 13*74 0*1359
914 ; 0^0216 •' 18.86 0.1890
251 0 0.0000 0.00 0.2665
150 0.0009 3.34 0.2668
300 0.0023 6.68 0.2674
450 0.0035 10.03 0.2679
600 0.0050 .13*38 0.2684
75O 0.0071 16.74 0.2693
825 0.0090 18.43 0.2700
855 0.0105 19*11 0*2706
870 0.0118 19*46 0 .2 7 H
889 0.0135 19*81 0.2718 .
890 O.OI65 19.94 0.2730
893 0.0205 20.04 0*2745
895 _ 0.0285 20.15 0.2776
252 0 0.0000 0*00 0.0204
145 0.0007 2.52 0*0206
295 0.0017 5*14 0.0210
445 0.0025 7*75 0*0213
595 0.0036 IO.37 0.0218
745 0.0051 13.00 0*0224
820 0.0064 14.31 0.0229
865 0*0078 15*10 0*0234
880 0*0086 15*37 0.0237
895 0.0100 15*64 0.0243
910 0*0128 15*92 0*0254
917 0*0151 16.06 0.0263
924 0.0319 16*31 0.0328
927 0.0529 164.47 0.0410
253 0 0.0000 0.00 0.0820
150 0.0009 2.77 0.0824
300 0.0019 5*.55 0.0828
450 0.C029 8.32 0.0831
600 0.0041 l l . i o 0.0836
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TABLE 14 (c on t , )
»»'«<»■*— fcCTMyHJ.UWmmi fiiMni.
; VmsiKB IX) Al) ' EXTENSION T£0£) STRESS TRUE strain
■ TEST _ t e l ... J e m .......: ( to n f / i
253 750 0,0056 13.88 0,0842
825 0*0066 15.28 0.0846
900 0*0083. 16*68 0.0852
945 ; 6.0097 17.52 0.0858
, 960 0*010? 17.81 0.0862
975 0.0122 18.10 0.0868
990 0*0153 18.40 0.0880
992 . 0.0207 18.47 0*0901
994 0.0367 18.63 0.0963
254 0 0.0000 0.00 0.1252
150 . 0.0011 2.91 0*1257
300 0*0024 5.83 0.1262
450 *0.0034 8.75 0.1266
600 0.0048 11.67 0.1271
750 0.0067 14. 6 0 . 0,1279
1 825 , 0 . 0081. 16.07 0.1284
900 0.0104 17.55 0.1293
945 18.45 0.1303
960 0.0146 18.75 0,1310
975 O.OX69 19.06 0.1319
980 0.0217 _ ......... 0.1338
255 0 0.0000 0.00 0.1A64
150 0.0009 3.06 0.1468
300 0.0022 6.12 0.1473
450 0.0032 9.19 0,1477
600 0.0046 12.25 O .I482
750 0.0064 15.33 0,1489
825 0.0076 16.87 0.1494
i . 900 O.OO96 18.42 0.1502
x 945 0.0126 19.36 0.1514
. 952 0.0136 19.51 O .I517
96O 0.0166 19.70 0.1529
962 0.0204 19.77 0.1544
962 0.0284 I 9.B3 0.1575
962 0.0344 19.88 0.1599
256 0 0.0000 0.00 O.2058
150 0.0011 3.15 0.2060
300 0.0024 6.30 0.2067
450 0.0036 9.45 0.2072
600 O.OO5O 12.61 0.2078
750 0.0069 15.78 0.2085
825 0.0081 17.36 0.2090
900 0. 0101' I 8.96 0.2098
930 ' 0.0115 I 9. 6O 0.2103
945 0.0127 19.92 0.2108
960 0.0144 20.25 0.2114
967 0.0168 20 • 42 0.2124
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A^KLB .14 (cant. )
:^ TT '< *» LOAD mMISXGB I’MIB S^KE33 TItUE STiiAIL
£BS*2 .... __(ke)_„... .. ...( e r a ) . .... ( t o n f / i n 2 )
256 972 0*0220 20 .57 0 .2144
.... .913 . 0*0340 20 .69 0 .2191
257 0 0.0000 0 .00 0.0158
467 0*0028 8 .30 0.0169
557 0 .0035 "■9*90 0.0172
647 r " 0 * 0044 12 .51 0 .6 1 7 5
722 O.OO54 12*85 0 .0 1 7 9
767 0.0062 13.65 0.0182
797 0.0071 ' 1 4 *1$ 6*0186
812 0.0077 14*46 0.0188
827 0*0087 24^73 6*0192
. 842 0.0100 15*61 0*0197
850 0.6114 ■19*16 O.O2O3
855 0.6150 15 .27 O.6 2 I 7
858 0.0250 1 5 .3 8 0^6256
860 0*0470 . 15*55........ G.O342
258 0 0.0000 o;oo 0 .0446
454 0.6028 8.28 0 .0457
574 0.6039 10.47 0 .0 4 6 1
650 0.0048 11.86 0.0465
722 0 . 00 5 8 ' ’ •'! 13.18 " G.O469
784 0*0072 14*32 0.0474
814 0.0080 14.87 0*0477
844 0.0094 15*43 O.O483
85 9 0.0104 15^71 0 ,0487
674 o .o i ia 15*99 . 0 .0492
8 88 0.0200 16*30 0 .0 5 2 4
890 0.0300 16.40 C.O563
692 .... 0.0500 16.57 0*0641
259 • 0 0*6006 0,00 0.0700
453 0.0034 8.60 C.0713
574 0*0046 10*90 0,0718
649 0.0655 12.33 0,0722
724 0.0066 13.76 G.O726
754 0*0072 14 .3 4 0,0728
784 0.6079 14.91 0.0731
814 0.6088 15.49 0,0735
829 0.0095 15 .78 0.0737
844 0*0104 16.07 0.0741
859 0 .0118 16.36 0.0746
874 0.0138 16 .66 G.0754
882 0 .0168  . 16 .84 0.0766
885 0.0300 16 .98 0.0817
886 , 0.0400 17 .07 0.0856
887 0.0510 17.16 0 .0 8 9 9
~* 260 0 0.0000 0.00 0.1182
439 0.0030 8.76 C.1194
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TABLE 14 ( contv )
TEE SXLE LOAD EXTEHSIOH TRUE STRESS TRUE STRAIN
TEST . .0^ ?,),..................... .......... (cm) ( t o n f / i n ^ )
260 574 0.0042 11 .45 0.11981 739 0.0062 14 .76 0.1206
1 784 0.0071 15.66 0.1210
814 0 .0079 16 .27 0 .1 2 1 3
829 0.0086 16 .57 0.1216
844 O..OO94 16 .88 0 .1219
869 0 .0104 17 .38 0.1223
■ 874 0.0120 ’ 17 .49 0 .1 2 2 9
• 883 0.0150 17*70 0 .1 2 4 1
888 0 .0302 17.90 0.1300
' 890 _ 0.0410 18 .02 0 .1342
261 0 0.0000 0 .0 0 0 .1 7 1 9
459 0.0033 9*53 0 .1732
634 0 .0049 13 .17 0 .1738
754 0*0065 ' 15 .67 0 .1 7 4 5
, 799 6 .0074 16.61 0 .1748
829 0 .0083 17*24 0 .1752
• 844 O.OO89 17*56 0 .1 7 5 4* 859 0*0096 17 .87 O .I757• 874 0.0106 18 .19 0 .1 7 6 1■ 869 0 .0120 18*51 0 .1766
1 896 0 .0131 18 .67 0 .1771
904 0 .0 1 6 ? 18 .86 O .I7851 906 0 .0200 18 .93 0 .1797• 906 0 .0300 19*00 O .I836
906 0 .0451 19*11 0 .1 8 9 5
262 0 0.0000 0*00 0 .2127
425 0 .0033 9*20 0 .2 1 4 0
590 0.0049 12 .78 0 .2147
680 0*0060 14*73 0 .2151
740 0 .0070 16 .0 4 0 .2 1 5 5
785 0.0079 17*02 0 .2 1 5 9
815 0.0089 17*68 0 .2 1 6 2
830 0.0097 18 .01 0*2166
845 0.0105 18 .3 4 0 .2 1 6 9
860 0*0116 18*68 0 .2 1 7 3
875 0.0132 19*01 0 .2 1 7 9
890 0.0171 19*37 0 .2 1 9 5
893 0 .0200 19*46 0 .2206
894 0.0300 ; 19*55 0 .2 2 4 5
895 0 .0400 19.65 0 .2 2 8 4
895 0.0560 3.9*77.......... 0 .2346
263 0 0.0000 0.00 0 .0157
421 0.0024 7 .6 4 0 .0 1 6 ?
571 0.0036 10*36 0 .0172
646 0.0044 11 .73 0.0175
706 0.0052 12 .82 0 .0 1 7 8
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TABLE 14 (cont.)
TENSILE LOAD EXTENSION TI-iUE STKESS TRUE STRAIN
TEST t e ) (cm) ( to n f / in  ) — -263 751 0 .0062 13 .6 4
781 0*0073 14 .19 0 .0186
811 0.0091 1 4 .7 5 0 .0193* 826 0 .0106 * 15*03 0.0199
841 0*0126 15 .32 0 .0207
848 0.0148 15*46 0 .0216
856 0*0200 15 .6 3 0*0236
859 0.0300 1 5 .7 5 0 .0275
' ' ' 861 0 # 0400 ’ 15*85 0 .0 3 1 4
863 r 0*0512 ’ 15 .9 5 Q*P_3.5L__
264 0 0*0000 0*00 0*0542
! :" 427 0.0028 ’ 8*04 0 .0553
58 9 / 0*0042 11*10 0 .0559
692 0.0053 5 13*05 O.O563
739 0.0060 13*94 O.O566
■ i ' 782 0*0068 1 4 .7 5 0 .0569
812 ' 0*0076 15 .32 0 .0572
842 * O.OO87 \  15 .90 0 .0576
857 0 . 0096* ’ 1 6 .1 9 O.O58O
872 0 .0108 16.48 0*0584
887 -1 0 .0128 16 .77 O.O592
902 • , 0 .0160 17*08 0 .0 6 0 5
905 0 .0200 17.16 0 .0620
907 0.0296 -  17 .26 O.O658
908 0.0396 1 7 .3 5 0 .0697
908 0.0516 17 .4 3 0 .0 7 4 3
265 0 0.0000 0 .0 0 0 .1 1 1 ?
464 0.0034 9*12 0.1130
. 648 0*0051 1 2 .7 5 0 .1137
768 ’ 0 .0067 15.12 0 .1 1 4 3
813 0.0077 16 .0 1 0*1147
843 0*0085 16*61 0.1150
873 * 0.0097 17*21 0.1155
903 0*0120 17 .81 O .I I 64
918 0.0142 18*13 0*1173
933 • 0*0174 1 18*44 O .I I 85
935 0 .0200 I 8 .50 0.1195
93 9 0.0300 18.65 0 .1 2 3 4
939 0.0394 18 .72 0 .1271
2 66 0 0.0000 0 .0 0 0 .2 4 4 5
421 0.0034 9 .46 0 .2459
571 0.0049 ’ 1 2 .8 4 0.2465
706 0.0067 15 .89 0 .2472
781 f 0.0083 17*59 0 .2478
826 0.0096 18 .61 0.2483
841 0.0104 18 .96 0 .2486
856 0.0117 19 .30 0 .2491
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TABLE 14 ( cont. )
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
'TEST . ....(Ml..L ......., ... ( to B f/in ^ )
266 871 0*0134 4 19,66 0.2498
886 0,0X59 20,01 0.2508
896 0,0200 20. 27 0.2524! - . m 0,0280 20.40 0.2555
267 0 0,0000 0,00 0.0313
> ' . ; ; 373 0,0026 6.87 0.0323
574 0,0042 10.57 0.0330
' ‘ 1 : 688 0,0056 ‘ 12.68 O.O335
763 0,0068 14,0? 0.0340
793 0,0075 14,62 0.0343
■823 : ■ * O.OO84' 15.18 O.O346
1 ’ ’ ; ’ 853 0.0104 15,75 O.O354
868 0.0117 • 16,03 0^0359
883 ' 0.0134' 16.32 0,0366
’ . ’ ‘ ; ! ’ 898 O.OI64 • 16.62 0.0378
908 0,0232' I 6.85 0,0404
914 0*0468 0.0496
268 0 0.0000 0,00 0.0846
423 0,0029 • 8,10 0.0857
588 ' 0.0043 11.26 . 0,0863
723 0.0059 13.85 0,0869
783 0.0068' 15,01 0,0873
343 . 0.0081 16.17 0,0878
873 0.0091 16, f  5 0.0882
903 0.0109 17.34 O.O889
933 0.0133 . 17.93 0,0898
948 0.0177 18.25 0,0915
950 0*028? 18.37 0.0958
269 : 0 0.0000 0.00 o , 1481
450 0.0033 9*20 0*1494
587 0.0046 12,00 0,1499
66 2 0.0054 13.54 0,1502
722 0.0062 14.77 0.1505
782 0.0073 16.01 0.1509
827 0,0081 16.93 0.1512
857 0 . 0090' 17*55 0.1516
887 0. 0104' 18.18 0,1521
916 0.0123 18.78 0,1529
932 0.0147 19.13 0.1538
940 0.0177■ 19.32 0.1550
270 0 0,0000, 0.00 0,1074
653 , 0. 0045' 12,16 0*1092
848 0.0061 15.80 0.1098
938 0,0070 17.40 0.1101
1028 0.0080 19.16 0.1105
1103 0,0091 20.57 " 0,1110
1223 0.0117 22.83 0.1120
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TABLE? 14 ( c o n t , )
TENSILE LOAD EXTENSION TRUE STRESS TRUE STRAIN
TEST : J te s  L  _ ...................... ( ^ ; ) .....................
270 1266 0*0133 23*69 0.1126
1296 0*0151 24*26 0.1133
1328 0.0176 24*85 0.1143
1358 0.0219 25*45 0.1160
1388 0.0329 26.13 0.1203
1403 0.0485 26.57 0.1263
14.05 . 0.0517 26*64 0.1275
271 0 0 .0000 0.00 0.2735
■■ . t 668 0.0052 14.69 0.2756
908 0. 007s 19.98 0.2766
1013 o;oo92 22*31 0.2771
- * 1073 0*0101 23.64 0.2775
1133 0.0111 24*97 0.2779
1193 0.0124 : 26.30 0.2784
1238 0.0136 27.31 0.2789
1268 0*0146 , 27*98 0.2792
1298 0.0160 28.66 0.2798
1328 , 0.0179 ; 29*34 : 0.2805
1358 040211 30.04 ‘ 0.2818
' 1388 0.0295 30.81 O.285I
1402 0.0505 . 31*37 0.2932
272 0 0 .0000 0*00 0.0559
650 0.0040 11.36 O.O575
723 0.0046 12.63 0.0577
800 0.0054 13.98 0.0530
890 • 0.0066 15*57 O.O585
* 980 0.0086 , 17.15 0.0593
1010 0.0098 17.69 O.O598
1025 0.0107 17.95 0.0601
, , 1040 0.0116 18.22 O.O6O5
1055 0.0132 18*50 0.0611
1070 0.0146 18.77 0.0617
1085 0.0180 19*06 0.0630
1100 0*0226 19*36 0.0648
1115 0.0314 19.69 0.0632
1130 0*0434 20*05 0.0729
1141 0*0516 20.31 0.0760
273 0  . 0 .0000 0.00 0.1126
575 0.0040 10.76 0.1142
755 0.0055 14*14 0.1148
845 . . 0.0065 15.83 O .II52
965 . 0.0082 18.09 0*1159
. 1024 0.0096 19*20 0.1164
1055 ‘0.0107 19*79 O .U 69
IO85 0.0122 20.37 0.1174
1100 0.0134 20.66 0.1179
1115 0.0150 20.95 0.1185
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TABLE 14 ■(cont,')
TENSILE , LOAD (EXTENSION TKUE STRESS 1RUE STRAIN
' .TEST (kg) (cm) ( to n f / in 2J
273 1130 0*0168 21..25 " o 7 i i9 2 '“
■ 1145 0*0206 21.57 0.1207
1160 6.0286 ' 21.92 0.1238
1175 0.0416 22.31 0.1289
1185 ’ 0.0510 22.53 0.1325
274 0 0*0000 0.00 ■“ 0.3708
681 \ O.OO46 13.56 0*1726
923. ■■ 0.0067 18.36 0.1734
' 996 0.0075 19.86 0.1738
1086 O.OO89 21.66 0.1743
‘ 1133 0.0101 22.61 0.1748
1161 , 0*0114 23.18 0.1753
i- 1175 6.0123 23.47. 0.1756
1191 0.0137 23.00 0.1762
1206 0.0155 1 24.12 0,1769
1221 0.0181 24.44 0.1779
1236 0.0261 24.82 0.1810• 1251 ;0.0421 ; '25;28 0,1872
1261 0.0525 25.58 0.1913
275 0 : 0.0000 0* 00 0,2874
725 0.0058 16.20 0.2896
965 ‘ 0.0082 21,59 0.2906
1055 ' 0,0094 . : '23 ,61  .... , 0.2911
1131 0.0108 25* 33 0.2916
1175 ’ 0.0119 26*32 0.2920
1205 0.0130 27*01 0.2925
1235 0.0145 27*70 0.2930
1250 0.0156 28,04 0.2935
1265 ’ 0.0170 28.40 0.2940
1280 0. 0x90 28.76 0.2948
1295 0.0226 29*13 0*2962
1309 0.0314 29* 55 .... _..: 0,2996
276 0 0.0000 - '0 ,00 0,0532
575 * 0.0018 9.24 0.0539
1175 0.0038 18.39 0.0547
, 1475 0.0048 23,72 0.0551
1780 ,0.0062 28.65 0,0557
I 865 0.0070 30.02 O.O56O
1930 0.0080 31*08 O.O564
1935 . O.OO94 31.99 O.O569
2030 0.0114 32.74 0.0577
2075 0.0156 33.52 O.0594
2120 0,0240 34*36 0.0626
2150 0*0324 34.96 0.0659
2X80 0*0420 35.58 O.O696
2210 0.0532 36.22 0,0740
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TABLE 14 ( cont.)
TENSILE LOAD EXTENSION ... THUJT STRESS . TRUE STKAIH
. TEST ... ..... .............._ l:X pa); ( t o n f / i n ^ )
277 0 0*0000 0*00 O.O763
293 , 0*0009 : 4.73 0.0766
607 , 0*0019 9*81 0.0770•’ ■ 907 , 0.0029 14.66 0.0774
120J ,0 * 0 0 3 9 19. $2 0.0778
1507 ; O.OO49 24.38 ; 0.0782
1820 0.0061 29.46 0.0787
1950 0.006? 31.57 0.0789
2103 0*0079 . 34*06 0.0794
2176 0*0092 35.26 0.0799
2205 . 0.0106 35*7$ 0*0804
■ ' ■ '2235 ■ ■ ■ 0.0136 ■- 36*28 0.0816
2264 0*0220 36.87 ; 0*0849
2283 0.0300 37i30 ; 0*0880
2302 , 0*0400 37.77 0*0919
2325 . 0.0540 , 38*34 0.0973
278 0 0.0000 0.00 0.0924
310 0. 000s 5.07 0.0927
6O5 0.0018 9.89 ■ 0.0931
900 0.0028 14.72 0.0935
1200 ■ 0.0038 19.63 0.0939
1500 0. 004s 24.5$ 0.0943
1830 0.0060 29.96 0.0948
2102 0.0074 34.44 0.0953
2250 ' 0.0096 36.89 0.0962
2309 1 0.01$0 37.94 0.0983
' ! 2323 0.0200 38.2$ 0.1002
279 0 . 0*0000 0*00 0 . 205$
300 ■, 0.0008 5.47 0*2058
607 , 0*0019 11*06 0.2062
900 . Oi0030 16*41 0*206?
1230 . 0*0042 22*44 0.2071
1507 0.00$2 2?*$0 0.2075
182$ 0*0064 , 33.32 0.2080
2112 0*0078 38*$8 0*208$
22 $4 , 0*0088 41.19 0.2089
241$ 0*01X2 44.17 0.2099
244$ . 0*0124 44.74 0.2103
2460 0*0136 45.04 0.2108
2470 , 0*0160 45*27 0.2118
2473 0.0188 45.37 0.2128
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IPABXiE 14 ( c e n t ,)
T TENSILE LOAD EXTENSION imJB STRESS TRUE STRAIN
TEST ■■(kg) ..('em) ( to n f / in 2)
280 0 0*0000 Q.OO 0.2833
637 0.0023 12.55 0.2842
945 0.0036 10.63 0.2847
3.207 0.0046 23,80 0.2851
1537 0.0060 30,33 0.2857
1815 0.0072 35*83 0.2861
2107 0.0086 41.62 0.2867
2282 O.OO98 45.10 0.2872
2386 0.0112 47.18 0.2877
2415 0.0120 47.77 0.2880
.2430 : 0.0128 48.08 0.2883
T /2 4 4 3 0.0142 48.36 0.2689
281 ; • o 0.0000 0, 00 0,0361
610 0.0021 9.47 0,0369
1225 0.0042 19.03 0.0377
1780 0.0063 27.68 0,0385
1995 0.0074 31.04 0,0390
2110 0.0084 32.84 O.O394
2230 0.0103 34.73 0.0AG1
2275 0.0117 35.45 0,0407
2305 0.0133 35*94 0.0413
‘2335 o ;o i59 36.45 0.0423
2365 0.0200 36.97 O.O439
-V2395 0.0268 37.54 0,0466
. 2425 0.0358 3 8 a 5 0,0501
•2455 0.0478 38.80 0.0547
282 ' o 0.0000 0,00 0.0806
595 0^0019 9.60 0;0814
; 1195 0,0040 ; 19.30 0.0822
1780 0.0062 28.7? 0.0831
2095 0.0076 33.88 O.O836
2237 0,0084 36.18 0.0839
22$0 0,0088 37.05 O.0841
2365 ; 0.0098 38.28 0.0845
2425 0,0112 39.27 0.0850
2455 0.0124 39.77 0.0855
2485 0.0144 40.29 0.0863
2515 0.0186 40.84 0.0879
2545 0.0282 41.49 0,0917
2574 O.O526 42.36 0,1011
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TABLE 14 (cont.) ’
TENSILE LOAD EXTENSIOH .TRUE.. STRESS TIME STRAIN
TEST .(kg) (cm) (-ionf/in^)
•: . o 0.0000 0.00 0.1724
- 595 0.0021 10.61 0.1733
' 1195 0*0044 21.34 O.1742
1825 0.0072 32*62 0.1753
2035 0,0084 36.39 O.1757
'-2230 < O.OO98 3 9.90 0.1763
'•: ’ '2305 0,0105 41*05 0,1766
- 2425 0,0122 43*43 o ;i772
2470 0,0137 ■•' . 44*26 ■ 0 ;i778
2500 O.OI57 44*83 0,1786
1 2530 . 0.0229 ■ • 45*50 ■ 0.1814
2540 0.0279 45*77 O .I834
0 0.0000 0,00 0.2895
5-80 ••'■0.0025 11.80 0,2904
1240 O.OO55 25.25 O.29I 6
1795 0.0081 36.59 • '! ^0,2926
’ 2140 0.01C3 43*66 0.2935
2215 0,0110 45*21 0,2938
2250 0.0123 46.76 0.2943
2350 0.0141 48.02 0.2950
238O 0.0161 48.67 0.2958
2410 •0.0207 49.37 0.2976
2415 0,0317 49.69 0.3019
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SABLE 1 5 .  BETONPAHS-WOBK FACTORS
TENSILE
TEST
DEFINED YX 
TRUE STRESS 
( to n f / in ^ )
ELD POINT 
TRUE STRAIN
0 A X a 100t o - x i )
0 A
15 4 11.01 0.0559 1.81 1.89 4*5
155 13.55 O.O9OO 1.76 1.81 2.7
156 15.51 0.146? 1.37 I .40 2.3
157 17.58 0.2206 1.23 1.25 1.6
158 11.47 0.0339 3.97 4.09 3.2
159 14.20 0.0760 2.62 2.70 3.3
160 17.28 0.1648 1.74 1.'78 2 .0
161 18.86 0.2568 1 .37 1.39 1.6
162 14.71 O.O698 3.30 3.38 2 .5
163 17.30 O .I385 2.25 2.29 1.6
I 64 18.89 0.2152 1.78 1.81 1 .4
I 65 19.90 O.3I 69 1.39 1.41 1.2
166 13.2 6 0.0528 3.48 3.61 3.7
167 17.72 0.1487 2.25 2.30 2 .1
168 19.32 0.2336 1.79 1.81 1*4
I 69 20.58 0.3592 l ; 5 i 1.53 1.1
170 15.62 0*0903 2.83 2.89 2 .4
171 18.62 0.2002 i .84 1.87 1.7
172 20.03 0.3142 1.47 1*49 1 .4
173 I 6.95 0*1996 1.14 1*15 1 .3
174 I 8.89 0.2781 1*12 1.14 1.1
175 19.99 0*3464 , 1.12 1.13 1.1
176 14.79 0.0915 2.14 2.20 2 .9
177 I 6.85 O .I938 1*16 1.18 1 .4
178 12.10 0.0602 2.01 2.07 3.1
179 I 5. 2I 0.1270 1*48 1.54 • 3.8
180 16.92 0.1792 1.32 1.35 1 .9
181 19.03 0.2875 1*11 1.13 1 .5
182 15.95 0.1132 2.04 2.07 1 .5
183 17.50 0.1850 1.44 1.47 1*9
I 84 15.44 0.0798 2.99 3.06 2.4
185 18.81 0.1831 1.99 2.02 1 .3
186 19.59 0.2400 1.66 1.68 1 .1
187 20.92 0.3671 1.40 1.41 0 .7
188 15.70 0.0862 2.85 2.93 2 .7
189 19.68 0.2184 1.95 1.98 1 .5
190 20.37 0.2692 1.78 1.80 1 .3
191 21.28 0.3680 I .63 1.64 0 .9
192 13.71 0.0487 3.95 4.05 2.6
193 15.60 0.0820 3.00 3.09 3.0
194 15.91 0.0820 3.20 3.28 2 .3
195 15.87 0.0892 2.83 2.90 2 .6
196 17.95 0.1213 2.92 2.97 1.7
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TABLE 15 (o o n t .)» REPUI1PAXTT-W0BIC FACTORS .
TEHSHiE
TEST
DEFINED Y] 
TRUE STHESS 
(■ fco n f/in 2 )
:e l d  p o i h t
TRUE STRAIH
0A X a 100( o '/ I -Xn)
0A
1 9 7 17.60 0 .1 2 2 4 2.^6 2 . 7 0 1 .8
198 17.60 O . I 289 2 .4 7 2.52 2 .1
19 9 1 9 .5 3 0 .1 9 1 5 2 .2 5 2 . 2 9 1 . 5
200 20.72 0.2822 1 .8 7 1 .90 1 .1
201 1 8 .1 3 0.1280 2.82 2.86 1 .6
202 18.80 0.1628 2 .3 6 2 , 4 0 1 . 9
2 0 3 2 1 .2 5 O .309I 2 .0 4 2;05 0 .8
204 15.00 O .0 6 6 6 3 .4 7 3 . 5 5 2 .2
205 1 9 .5 1 0 .1 7 4 9 2 . 5 5 2 .5 8 X .2
206 1 1 .8 1 0.0350 I .48 I .5 0 4 * 5
2 0 7 1 3 .9 9 0 .0 6 8 8 1 . 2 5 1 ,30 4 . 1
208 1 7 .5 5 O . I 378 1 .02 I .0 5 2 .6
209 20.41 O.1919 O.98 1 .0 0 2 * 3
210 26181 O.3267 0 . 9 3 0 .9 4 1 .8
2 1 1 1 7 .1 5 0 .0 5 4 0 3 . 1 9 3.28 2 . 8
2 1 2 20.57 0.1091 2 . 1 7 2 .23 2 . 7
2 1 3 2 3 .6 9 O . I 884 1 .5 0 1 .5 3 2 . 4
2 1 4 2 4 .9 1 0 .2 2 3 1 - 1 . 3 4 1 .3 7 2 . 3
215 2 7 .5 2 0.3010 1 . 1 2 1 . 1 4 2 . 0
2 1 6 12.57 0 .0 2 5 8 2 . 9 9 3 .0 8 3 . 0
2 1 7 14.84 O .O 694 1.90 1 , 9 5 3 .X
2 1 8 1 6 .6 0 0,1340 1 . 3 3 1 .3 6 2 . 5
219 1 8 .6 7 0 .2 1 8 0 1 . 2 1 1 . 2 3 X .6
2 2 0 1 6 .9 1 O .O 69O 3.28 3 . 3 5 2 .X
2 2 1 2 0 .4 9 0 .2 2 1 3 2 . 0 3 2 .0 5 X .2
2 2 2 1 2 .6 8 0 .0 1 7 2 3 .8 4 4 .0 0 4 * X
2 2 3 1 4 .1 2 0 .0 4 0 1 2  .‘5 4 2.62 2 . 9
2 2 4 15.10 O .O643 2 .0 3 2 . 0 8 2 . 9
2 2 5 1 6 .0 1 0.1028 1 . 5 2 1 .5 6 2 . 7
2 2 6 1 7 .3 3 0 .1 5 0 9 I .4 0 1 .4 2 x.7
2 2 7 1 8 .7 0 0 , 2  2 1 7 1 . 3 1 1 . 3 3 X .7
2 2 8 1 5 * 6 6 0 .0 5 9 2 2 .6 5 2 .7 2 2 . 6
229 1 7 .0 3 0 .1 0 7 8 1 . 9 3 1 .9 7 2 . 2
2 3 0 1 7 .4 8 0 .1 3 0 0 1 . 7 5 ■ 1.78 X .8
2 3 1 1 8 .1 9 0 .1 7 8 9 1 .46 1 .4 8 X .6
2 3 2 19.12 0 .2 6 1 5 1 . 2 2 1 .2 4 X .4
2 3 3 1 5 .5 4 0 .0 4 0 7 3 .9 8 4 .1 0 • 2 . 9
2 3 4 1 7 .2 9 0 .0 8 5 9 2 . 7 3 2 .7 8 X .8
2 3 5 1 8 .3 5 0 .1 3 6 0 2 . 1 4 2 .1 8 X .7
236 2 1 .2 4 0 .0 7 9 5 1 . 9 9 2 .0 6 3 . 8
2 3 7 2 2 .4 5 0 .1 0 2 2 1 .7 6 1.82 3 . 4
238 2 5 .2 2 0 .1 6 2 3 1 . 4 3 1 .4 7 2 . 6
2  3 9 27.64 0 .2 3 2 0 1 . 2 0 1 . 2 3 2 . 5
240 2 9 .0 4 0 .2 7 5 3 1 .1 1 1 . 1 4 2 * 4
2 4 1 3 1 .9 4 0 .3 8 6 0 0 . 9 5 0 .9 7 2 . 3
•) o  o o o
TABLE 15 ( con t. ) .  REDUNPAHT-WOBg FACTORS
, ,  • .
TENSILE
t e s t
DEFUSED YI 
TRUE STRESS 
( t o n f / i n ^ )
ELD POBIT 
TRUE STRAB!
& X*
J3Ta
242 1 5 .6 7 0.0230 3 .9 6 4« 32 8 . 9
2 4 3 1 6 .2 1 0.0505 1 .6 9 1.82 7 . 4
2 4 4 1 7 .8 7 0 .0 7 7 0 I .4 8 I .57 6 . 7
2 4 5 1 8 .7 2 O .IO 47 1 . 1 8 1.26 6 . 5
2 4 6 22.61  . 0 .1 7 5 3 1 .12 1.16 3 . 8
2 4 7 28.30 0.3016 1 .0 6 1 .12 5 . 5
248 16.52 0 .0 7 4 1 I .6 4 1 .69 2 .9
2 4 9 / 17.10 0 .0 9 9 4 ■ 1 . 4 5 1 .4 9 2 .6
250 1 8 .7 7 ' 0,1840 0  1 .21 1 . 2 3 1 . 9
251 2 0 .0 2 0 .2 7 0 0 1 .1 0 1 . 1 2 1 . 4
2 5 2 1 6 .1 8 0 .0 2 3 2 5 .3 6 5 i 5 3 3 * 2
2 5 3 V 1 8 .3 0 • 0 .0 8 5 0 2 . 5 5 2 i  6 0 1 . 9
2 5 4 : 1 9 .0 5 0 .1 2 8 9 ■ I .9 8 2 .0 2 2 . 0
2 5 5 : ’ 1 9 .6 5 < 0 .1 4 9 9 ■ 1 .9 8 2 . 0 1 1 . 7
2 5 6 2 0 .4 4 0 .2 0 9 7 1 .6 8 1 .7 1 1 . 5
2 5 7 15.21 0 .0 1 8 1 3 .8 8 4 . 0 5 4 . 3
2 5 8 : 1 6 .1 9 0 .0 4 7 7 2 .1 6 2 .2 4 3 . 8
2 5 9 1 6 .7 7 ■ 0 .0 7 3 2 ■ 1 .7 0 1 . 7 5 3 . 2
2 6 0 1 7 .6 2 0 .1 2 1 0  . 1 . 3 1 1 . 3 3 2 . 1
2 6 1 ; 1 8 .8 8 0 .1 7 5 0 1.28 I .3 0 1 . 7
2  62 1 9 .3 8 0 .2 1 5 9 1 .1 7 1 . 1 9 1 . 5
2 6 3 1 5 .5 4 ■ 0 .0 1 8 2 ■ 4 . 6 9 4 . 8 8 4 . 0
2 6 4 . 1 7 .0 5 0 .0 5 7 0 2 . 4 9 2.56 2 . 6
2 6 5 1 8 .4 6 0 .1 1 4 8 1 . 8 3 1 .8 6 1 . 9
266 , 2 0 .2 5 0 .2 4 8 1 ■ 1 . 2 9 1 . 3 1 1 . 4
2 6 7 1 6 .6 7 0 .0 3 4 7 3 .8 1 3 .9 5 3 . 5
2 68 . 1 8 .1 9 0 .0 8 8 2 2 .2 7 2 * 3 2 2 * 4
269 1 9 .2 5 0 .1 5 1 3 1 . 7 0 1 . 7 3 1 . 6
2 7 0 / 2 5 .5 3 0 .1 1 1 4 1 . 8 3 1 . 8 8 2 . 8
271 3 0 .3 9 0 .2 7 8 6 I .0 9 1 . 1 2 2 .  3
2 7 2 : 1 8 .96 0 .0 5 8 9 1 . 3 9 l i 4 6 4 .6
2  7 3 2 1 .4 6 0 .1 1 6 8 1 . 0 8 1 . 1 3 4* 2
2 7 4 : 2 4 .3 5 0 .1 7 4 2 1 . 0 7 I .0 9 2 * 4
2 7 5 29.02 0 .2 9 2 3 1 . 0 2 I .0 4 2 . 2
276 3 3 .3 9 = O .056O . 1.46 1 . 5 3 4 * 4
2 7 7 3 6 .3 4 ■ 0 .0 7 9 5 1 . 4 5 1 .50 3 . 7
2 7 8 3 7 .7 5 0 .0 9 5 6 1 .3 7 1 * 4 2 3 * 2
2 7 9 4 5 .1 2 0 .2 0 9 1 1 . 1 2 1 . 1 4 2 . 0
2 8 0 48.28 0 .2 8 7 5 1 .0 1 1 . 0 3 1 . 9
2 8 1 36.46 0 .0 3 9 5 3 .3 7 3 .5 0 4 . 0
2 8 2 4 0 .7 8 0 .0 8 4 1 2 . 2 3 2 . 2 9 2 . 8
2 8 3 4 5 .1 2 0 .1 7 6 8 1 . 3 8 1 .4 2 2 . 5
284 4 9 .1 5 0 .2 9 4 1 1 .0 7 1 . 0 9 1 . 9
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TABLE 16. VARIOUS PARAMETERS
T E R S I B E ^  . v i o o ( s 4 - e 4
C / B o / ( l - r ) / r Y H ■ ® r
T E S T  ,■ , 0A C t s i ) ( t s i )
1 5 4 1 . 8 1 1 . 5 6 1 4 . 1 3 *  2 8 1 . 5 9 6 . 7 6 7 7 . 3 7 . 0 2
1 5 5 1 . 7 6 1 . 5 0 1 4 . 9 1 . 9 9 0 . 9 5 8 . 0 5 6 8 . 4 5 . 0 5
1 5 6 1 . 3 7 1 . 2 5 8 . 9 1 . 2 1 O . 5 6 9 . 8 5 6 0 . 8 3 * 9 2
1 5 7 1 . 2  3 1 . 1 6 5 . 8 0 . 8 0 0 . 3 6 1 1 . 7 3 5 1 * 6 2 . 9 4
1 5 8 3 * 9 7 2 .  8 6 2 8 . 0 1 0 . 9 1 5 * 3 7 5 . 8 7 7 5 . 7 6 . 6 0
1 5 9 2 . 6 2 1 . 9 9 2 3 *  8 4 . 7 8 2 . 3 0 - 7 . 5 2 6 6 . 0 4 *  6 4
1 6 0 1 . 7 4 1  * 4 8 1 5 * 1
8 . 5
2 . 1 6 . 0 . 9 9 1 0 . 3 4 5 3 . 0 3 . 0 7
1 6 1 , 1 - 3 7 1 .  2 6 1 . 3 8 :  0 . 6 0 1 2 . 4 8 4 4 . 9 2 . 3 8
1 6 2 3 *  3 0 2 * 3 5 2 8 . 6 7 . 7 7 3 * 7 5 7 . 3 1 6 4 . 0 4 * 3 5
1 6 3 2 . 2 5 1 . 7 7 2 1 . 2 3 * 8 5 1 . 6 0 9 . 6 2 5 2 . 9 3 . 0 6
1 6 4 1 . 7 6 ‘ 1 * 5 1 1 5 - 1 2 . 4 8 1 . 1 1 1 1 . 6 0 4 4 * 7 2 . 3 7
1 6 5 1 . 3 9 1 . 2 8 : 8 . 3 1 . 6 8 0 . 7 1 1 3 . 5 7 3 8 . 4 1 * 9 3
1 6 6 3 . 4 8 2 * 5 0 2 8 . 3 1 0 . 5 0 5 . I 2 6 . 6 2 6 9 * 5 5 * 2 4
1 6 7 2 . 2 3 1 * 7 8 2 1 . 1 3 * 6 0 1 . 6 7 9 . 8 9 5 0 . 9 2 . 8 7
• 1 6 8 1 *  7 9 1 * 5 2 1 4 . 9 2 . 2 8 1 . 0 1 1 2 . 0 1 4 2 . 2
2 . 1 8
1 6 9 1 . 5 1 1 * 3 7 9 . 7 ■ 1 . 4 9 ' 0 . 6 1 1 4 . 2 2 3 3 . 0 1 . 6 1
1 7 0 2 . 8 3 2 * 0 9 2 6 . 0 5 * 9 8  ; 2 . 8 6 8 . 0 5 6 0 . 3 3 * 8 6
1 7 1 1  • 1 * 5 4 1 6 . 0 2 . 6 7 1 . 2 0 1 1 . 2 5 4 6 . 3 2 * 4 8
1 7 2 U U 7 1 * 3 3 ■; 9 * 6 3 1 . 7 0 0 . 7 2 1 3 . 5 2 3 7 . 4 1 . 8 7
1 7 3 1 . 1 4 1 . 1 0 5 . 7 0 . 3 5 0 . 1 6 1 1 * 5 4 5 5 . 8 3 * 2 9
1 7 4 1 . 1 2 1 * 0 9 3 * 2 0 . 2 5 0 . 1 1 1 3 * 2 1 4 6 . 8 2 * 4 8
1 7 5 1 * 1 2 1 . 0 8 2 *  8 0 . 2 1 0 . 0 9 1 4 . 3 5
8 . 3 8
4 o . 6 g 2 . 0 3
1 7 6 2 . 1 4 1 * 7 3 1 9 . 2 0 . 7 9 O . 3 8 6 4 * 3 4 * 3 5
1 7 7 1 . 1 6 1 . 1 1 4 . 3 : 0 . 3 7 0 . 1 7 I I . 4 0 5 6 . 2 3 . 3 3
1 7 8 2 . 0 1 1 . 6 8 I 6 . 4 3 . 0 0 1 . 4 6 7 . 2 5 7 3 . 7 6 . 0 9
1 7 9 1 . 4 8 1 * 3 2 1 0 . 6 1 . 4 2 0 . 6 7 9 . 5 0 6 2 . 7 4 * 1 2
1 8 0 1 . 3 2 1 . 2 2 7 . 7 0 . 9 9 0 . 4 5 1 1 . 0 2 5 5 . 9 3 . 3 0
1 8 1 1 . 1 1 1 . 0 8 2 . 9 0 . 6 2 0 . 2 7 1 3 . 3 6 4 § .  0 2 . 4 2
1 8 2 2 . 0 4 1 . 6 6 1 8 . 6 3 . 1 4 1 . 4 8 9 . 1 4 5 9 . 9 3 . 7 5
1 8 3 1 * 4 4 1 . 3 0 1 0 . 0 1 . 9 2 0 . 8 7 1 1 . 1 6 5 3 . 4 3 . 0 5
1 8 4 2 . 9 9 2 . 2 0 2 6 . 3 6 . 7 8 3 *  2 6 7 . 9 7 6 1 . 9 4 . 0 1
1 8 5 1 * 9 9 1  «  6 4 1 7 . 6 2 . 9 1 1 . 3 2 1 1 . 1 3 4 7 . 2 2 . 5 1
1 8 6 1 . 6 6 1 . 4 4 1 3 . 1 2 . 2 1 6 . 9 8 1 2 . 4 5 4 3 . 0 2 . 1 9
1 8 7 1 . 4 0 1 . 2 9 8 . 0 1  * 4 5 0 . 5 9 1 4 . 6 6 3 4 . 2 1 . 6 4
1 8 8 2 . 8 5 2 . 1 3 2 5 . 5 8 . 3 9 4 * 0 2 8 . 1 9 6 0 . 8 3 . 8 8
1 8 9 1 . 9 3 1 . 6 2 1 6 . 9 3 . 2 6 1 . 4 5 1 1 . 9 6 4 2 . 5 2 . 1 6
1 9 0 1 . 7 8 1 . 5 3 1 4 . 2 2 . 6 4 1 . 1 5 1 3 . 0 2 3 6 .  2 1 . 8 7
1 9 1 1 * 6 3 1 * 4 5 1 1 . 1 1 . 9 3 0 . 7 9 1 4 . 6 7 3 1 * 1 1 . 4 6
1 9 2 / 3 * 9 5 2 . 7 7 2 9 . 7 1 8 . 7 3 9 . 1 5 6 . 8 0 6 8 . 2 4 . 9 8
1 9 3 3 * 0 0 2 . 2 1 2 6 . 4 1 1 . 0 8 5 . 3 2 6 . 0 3 6 1 . 2 3 * 9 3
1 9 4 3 * 2 0 2 . 3 1 2 7 . 8 1 ; 1 1 . 0 0 5 . 2 8 6 . 0 5 6 0 . 0 3 *  7 7
1 9 5 2 . 8 5 2 . 1 1 2 5 . 4 1 0 . 1 2 4 * 8 4 8 . 3 0 6 0 . 2 3 . 7 9
1 9 6 2 . 9 2 ' ■ ' 2 . 1 4 2 6 . 5 7 . 3 6 3 * 4 6 9 « 3 7 5 1 . 3 2 .  8 6
1 9 7 2 *  6 6 2 . 0 0 2 4 . 5 7 * 2 9 3 * 4 3 9 . 4 1 5 2 . 9 3 * 0 1
1 9 8 2 * 4 7 1 . 9 0 2 3 . 0 6 . 9 4 3 * 2 5 9 . 6 0 5 2 . 9 3 - 0 1
TABLE 16. ( c o n t .)  VARIOUS PARAMETERS
TENSILE
TEST
f&A 0 1OO(0A ~ 0 ) / 0 A c/ d oc( l - r ) / r Y
(tsi)
11
(tsi)
M
199 2.25 1.79 20.4 4.65 2.10 11.32 43.32 2.22
200 1.87 1.59 15.1 3.15 1.36 13.27 35.73 1.72
201 2.82 2.09 25.8 6 .9  6 3.26 9.58 50.50 2.79
202 2.36 1.84 21.7 5.48 2.52 10.57 47.23 2.51
203 2.04 1.71 16.33 2.87 1.22 13.76 31.41 1.48
204 3.47 2.47 28.8 13.56 6.56 7.50 63.52 4.23
205 2.55 1.96 23.2 5.07 2.32 IO.92 43.44 2.23
206 1.48 1.41 4.6 5.26 2.59 9.65 67*76 5.74
207 1.25 1.20 4 .0 2.64 1.28 10.76 66.54 4.76
208 1.02 1.02 0 .6 1.29 0.60 12.99 64.50 3.68
209 0.98 0.99 0 .5 0.93 0.42 14.65 62.84 3.08
210 0.93 0 .95 2 .5 0.55 0.23 18.53 58.99 2.20
211 3.19 2.55 20.0 10.21 4.97 10.26 64.73 3.77
212 2.17 1.79 17.6 4.96 2.35 12.05 62.74 3.05
213 1.50 1 .33 11.0 2.85 1.29 14.52 60.89 2.57
214 1.34 t .2 3 8 .5 2.40 1.07 15.55 60.15 2.41
215 1.12 1.08 3.6 1.78 0.76 17.80 58.55 2.13
216 2.99 2.64 11.5 7.21 3.56 9.42 60.81 4.84
217 1.90 1.70 10.2 2.62 1.27 10.72 53.82 3.63
218 1.33 1.26 5 .5 1.34 0.62 12.37 47.85 2.88
219 1.21 1.17 4 .0 O.82 0.36 14.07 39.80 2.13
220 3.28 2.64 19.5 13.15 6.36 10.71 46.73 2.76
221 2.03 1.75 13.6 4.02 ■1.79 14.13 30.89 1.51
222 3.84 3.48 9 .4 11.41 5.66 10.15 54.41 4.29
223 2.54 2.28 10.2 4.59 2.25 10.79 49.98 3.54
224 2.03 1.84 9 .4 2.83 1.37 11.42 46.79 3.10
225 1.52 1.42 6 .5 1.75 0.83 12.32 43.65 2.73
226 1.40 1.32 5.7 1.18 0.55 13.31 38.70 2.23
227 1.31 1.24 4 .7  . 0.80 0.36 14.49 32.82 1 .7  6
228 2.65 2.31 12.8 6.17 3.00 11.29 44.88 2.87
229 1.93 1.73 10.4 3.33 1.58 12.43 39.88 2.34
230 1.75 1.59 9 .3 2*75 1.29 12.90 38.11 2.18
231 1.46 1.36 6 .6 1.99 0.91 13.81 35.13 1.93
232 1.22 1.18 3 .5 1.36 0.59 15.05 30.78 1.61
233 3.98 3.34 16.1 13.82 . 6.78 10.79 45.29 2.91
234 2.73 2.32 15.1 6.29 3.01 11.95 38.86 2.25
235 2.14 1.87 12.6 3.94 1.84 13.02 34.43 1.88
236 1.99 1.77 11.0 6.94 3.34 14.99 64.89 3.06
237 1.76 1.58 10.2 5.34 2.54 15.73 63*60 2.83
238 1.43 1.32 7.7 3.32 1.53 17.62 60.57 2.40
239 1.20 1.14 4 .3 2.31 1.03 19.62 57.82 2.09
240 1.11 1.08 2.7 1.95 0.84 20.78 56.18 1.93
241 0.95 O.96 1 .3 1.40 0.57 23.47 52.66 1.65
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TABLE 16. ( ootrt.) VABIOUS PARAMETERS.
TENSILE
TEST 0A 0 1 0 0  {0A —0  ) /&A c/ d ^ ( 1 - r J / r ...(tsi).. (tsi) _ BH
2 4 2 3 .9 6 3 .51* 1 1 .6 9.59 4 .7 5 * 1 1 .7 1 6 7 .0 3 4 . 2 8
2 4 3 1 . 6 9 1 .5 8 6 . 5 3.79 I .85 1 2 .6 7 6 6 * 5 4 4 . 1 0
2 4 4 1 .4 8 1 .3 9 6 . 1 2 .44 1 . 1 8 1 3 .5 2 6 5 .0 1 3 .6 4
2 4 5 1 .X 8 1 * 1 5 3 . 0 1 .7 7 O.84 1 4 .3 9 6 4 .2 1 3 .4 3
2 4 6 1 . 1 2 I .09 2 . 6 1 .03 0 . 4 7 16.56 6O.4 8 2 .6 7
2 4 7 1 * 0 6 1 . 0 5 1 . 7 0 . 6 1 0 .2 6 1 9 .8 3 5 4 .6 8 1 . 9 3
2 4 8 1 .6 4 1 .5 7 4 . 4 2 . 4 5 1 .1 8 1 4 .0 9 3 2 .5 4 1 .9 7
2 4 9 1 . 4 5 1 . 4 0 3 . 8 1 .8 1 0 .8 6 1 4 .5 0 3 1 .3 4 1 . 8 3
250 1 . 2 1 1 .1 8 2 . 5 0 . 9 7 O .4 4 1 5 .7 1 2 7 .6 8 1 .4 7
2 5 1 1 .1 0 I .09 1 . 4 0 . 6 6 0 . 2 9 1 6 .7 3 2 4 .6 4 1 . 2 3
252 5* 3 6 4 .8 7 9 . 3 4 2 .7 8 2 1 .1 7 1 3 .1 8 3 3 .2 2 2 .0 5
2 5 3 2 .5 5 2 . 3 0 9 . 7 IO .6 5 5 .1 1 1 4 .2 7 2 8 .7 5 1 .5 7
2 5 4 1 .9 8 1 . 8 2 8 . 3 6 .98 3 .2 7 1 4 .9 4 2 7 . 0 3 1 . 4 2
2 5 5 1 . 9 8 1 . 8 1 8 . 7 5 * 9 7 2 .7 7 1 5 .2 5 2 5 .5 7 I .3 0
2 5 6 1 .6 8 1 .5 6 7 . 2 4 . 2 6 1 .9 1 1 6 .0 3 2 3 . 5 4 1 . 1 5
2 5 7 3 .8 8 3 .7 3 3 . 8 11^05 5 .4 8 1 4 .1 8 3 4 .0 7 2 . 2 4
2 5 8 2 .1 6 2 . 0 5 5 .1 3 .9 1 1 .9 1 1 3 .9 5 3 2 .1 7 1 . 9 9
2 5 9 1 .7 0 1 . 6 2 4 * 4 2 . 4 9 1 . 2 0 1 4 .3 7 3 1 .0 1 1 . 8 5
2 6 0 1 .3 1 1 . 2 7 2 . 8 1 .4 8 0 .7 0 1 5 .1 0 2 9 .2 4 1 .6 6
2 6 1 1.28 1 .-2 4 3 . 1 1 .0 2 0 .4 7 1 5 .8 3 2 6 .4 4 1 . 4 0
262 1 .1 7 1 .14 2 . 1 0.82 0 . 3 7 1 6 .3 3 2 5 - 2 6 1 .3 0
2 6 3 4 .6 9 4 .39 6 . 3 2 2 .2 3 1 1 .0 3 1 3 .4 4 3 3 .4 4 2 .1 5
2 6 4 2 . 4 9 2 .31 7 . 1 6 . 4 4 3 .1 3 14* 1 1 3 0 .4 3 .1 .7 8
2 6 5 1 .8 3 1.71 6 .5 3 .1 3 1 .4 8 15.01 2 7 .4 0 I .48
2 6 6 1 .2 9 1 . 2 4 3 . 5 1 .4 3 0 . 6 3 1 6 .6 9 2 3 .0 7 1 . 1 4
2 6 7 3 .8 1 3.50 8 . 3 1 6 .7 3 8 . 2 3 1 3 .7 2 3 1 .2 1 1 .8 7
2 6 8 2 .2 7 2.09 8 . 0 6 . 1 9 2 .9 7 1 4 .6 0 28 .00 1 . 5 4
2 6 9 1 . 7 0 1.59 6 .4 3 .5 4 1 . 6 4 1 5 .5 2 2 5 .5 7 1 . 3 3
2 7 0 1 . 8 3 1 .6 6 9* 6 4 . 8 8 2 . 3 1 1 8 .6 0 5 6 .6 3 2 . 2 2
2 7 1 1 .0 9 1 .0 7 1 . 9 1 .9 3 0 . 8 3 2 2 .9 8 5 0 .9 4 1 . 6 8
2 7 2 1 .3 9 1 .3 4 3 . 5 3 .1 2 1 .5 2 15.98 6 0 . 7 4 3 . 2 0
2 7 3 1 . 0 8 1 .0 7 1 . 2 1 . 5 5 0 . 7 3 1 7 .6 5 58.20 2 . 7 1
2 7 4 1 . 0 7 1 .0 6 1 . 3 1 .0 2 0 .4 7 1 9 .2 4 5 5 .1 5 2 .2 7
2 7 5 1 .0 2 1 .0 1 0 . 4 0 . 6 1 0.26 2 2 .1 1 4 9 * 9 4 1 . 7 2
2 7 6 1 .4 6 1 .4 0 4 . 3 3 .2 8 1 .6 0 2 7 .6 4 1 1 8 .2 4 3 .5 4
2 7 7 1 .4 5 1 .3 7 5 . 0 2 . 2 9 1 .1 0 2 8 .9 8 1 1 1 .9 9 3 . 0 8
2 7 8 1 .3 7 1 .3 1 4 . 7 . ' I .89 0 .9 0 2 9 .8 7 1 0 8 .9 1 2 . 8 9
2 7 9 1 .1 2 I .09 2 . 1 O.85  . 0 .38 3 5 .2 4 9 1 .4 9 2 . 0 3
2 8 0 1 .0 1 1 .0 1 0 . 2 0 .62 0 .2 7 3 8 .1 9 83.06 1 .7 2
2 8 1 3 .3 7 2 .9 4 1 2 .9 1 4 .5 1 7 .1 2 26.59 1 1 1 .7 3 3 .0 6
282 2 . 2 3 1 .9 7 1 1 .8 6.50 3 .1 2 29*22 102.05 2 .5 0
2 8 3 1 .3 8 1 . 3 0 5 . 9 3 .0 4 1 . 3 9 3 3 .8 1 9 1 .4 9 2 . 0 3
2 8 4 1 .0 7 1.05 1 . 3 1.82 0 ,7 8 38.40 8O.5 9 I .6 4
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TABLE17. CQEKBLATIQH BETOEEH 0a & Y,H,RH.
-<=5° : . . . . *<=15°
t MATERIAL 0A ..(tsi;)'. (tsi) ■ RH 0A J t l i ) ... ( ts i).. RH
1 I 1.36 10.99 59.2 3.82 2.17 12.62 50.8 2.82
2 1.36 11.30 59.2 3.68 2.17 13.03 50.8 2.82
3 1.01 13*50 64. I 3.50 1.72 15.73 61.8 2.74
4 1.28 13.54 45.8 2.71
5 1.38 14.17 38.6 2.26 2.02 15.08 33.5 1.81
0,15 6 1.46 19.02 61.0 2.45
7 1.14 16.54 6I .4 2.87
8 1.27 15.80 29.0 1.60
9 1.24 16.03 27.4 1.48 1.69 16.63 25.6 1.32
10 1.57 21.50 55.0 2.02
11 1.05 18.96 56.4 2.42
* 12 1.20 33.91 98.8 2.38 1.49 35.70 93.9 2.14
1 1.58 9.98 66.2 4.73 2.64 11.50 58.O 3.52
2 1.58 IO.15 66.4 4.58 2.64 11.70 58.0 3.52
3 1.11 12.28 65.6 4 .14 2.23 14.57 63.0 3.11
4 1.53 12.70 50.5 3.20
5 1.54 13.26 43.2 2.68 2.49 14.47 37.1 2.08
0.10 6 1.74 17.70 63.5 2.81
7 1.21 15.08 63.8 3.37
8 1.43 15.19 31.3 1.82
9 1.44 15.35 29.4 1.68 2.12 16.14 27.4 1.47
10 1.89 20.50 56.8 2.28
11 1.14 17.72 58.7 2.82
12 1.32 31.85 107.3 2.81 1.91 34.21 99.6 2.39
1 2.02 7.78
2 2.02 8.30
3 1.34 10.71
4 2.26 11.53
0 ,05 5 2.26 12.38
7 1.64 14.00
8 2.00 14.37
9 2.06 14.83
11 1.46 16.45
12 1.50 28.80
TABLE 18,
THE SIGNIFICANCE OF THE CORRELATION BETWEEN 0 a  AND Y
oC I -
CORRELATION
COEFFICIENT
STUDENT'S t DECREES OF 
FREEDOM
RESULT
0 .0 5 0.437 1 .3 7 4 9 HOT SIGNIFICANT
5° 0 .10 0 .3 4 5 I . O 4O 9 »»
0 . 1 5 O.291 0.861 9 tt
1 5 ° 0 .10 0.658 2 .1 4 0 7 »t
0 .1 5 0.596 2 .3 7 2 7 »t
TABLE 1 9 .  CORRELATION BETWEEN 0a  AND C
MATERIAL C
0 a
5° D IE 1 5! D IE
<£=0.05 <*=0.10 <*=0.15 £=0 .10 £ = 0 .1 5
1 5.641 2 .0 2 1 .5 8 1 .3 6 2 .6 4 2 .1 7
2 5.466 2 .0 2 1 . 5 8 1.36 2 . 6 4 2 .1 7
3 1*096 1 . 3 4 1 .1 1 1 .0 1 2 . 2 3 1 . 7 2
4 5 .2 2 9 2.26 1 .5 3 1.28
5 5.383 2.26 1 . 5 4 1 . 3 8 2 .4 9 2 .0 2
6 1 .9 3 6 1 . 7 4 1 .4 6
7 1 .7 5 1 1 .64 1 . 2 1 1 . 1 4
8 3 .5 2 9 2 . 0 0 1 . 4 3 1 .2 7
9 3 .5 3 3 2 .0 6 1 . 4 4 1 . 2 4 2 .1 2 1 . 6 9
1 0 1.986 1 . 8 9 1 .5 7
1 1 1 .9 0 7 1 .4 6 1 . 1 4 1 . 0 5
1 2 3 .7 5 8 1 .5 0 1 . 3 2 1 .2 0 1 .9 1 1 . 4 9
TABLE 2 0 ,  THE SIGNIFICANCE OF THE CORRELATION BETWEEN 0a  ABB C
d
CORRELATION
COEFFICIENT
STUDENT'S
t
DECREES OF 
FREEDOM RESULT
0 .0 5 0 .8 2 9 4 .1 9 3 9 SIGNIFICANT
5 U 0 . 1 0 0 .9 6 7 1 0 .7 5 0 9 HIGHLY SIGNIFICANT
0 .1 5 0 .9 4 9 8 .4 8 9 9 tt
15* 0 . 1 0 0 .7 6 5 2 .9 1 3 7 PROBABLY SIGNIFICANT
0 .1 5 0 .7 9 6 3 .2 2 0 7 tt
3 3 9
TABLE 21. VARIOUS PARAMETERS
o< & 0 w 03 C/D
5
0,04
0.08
0.12
0*16
0*20
0.24
0.28
0.32
3.01
1.92
1.55
1.37
1.26
1.19
1.14
1.10
2.58 
1.73 
1.45 
1. 31 
1.20 
1.16 
1.12 
I .09
4.36 
2.18 
1.46 
I .09 
0.88 
0.73 
0.63 
0.55__
10
0.04
0.08
0.12
0.16
0.20
0.24
0.28
0.32
5.15
2.97
2.24
1.88
1.66
1.51
1.41
1.33
4.29
2.59
2.02
1.73
1.56
1.45
1.37
1.31
8.73
4.37
2.91
2.19
1.75
1.46
1.25
1.10
15
0.04
0.08
0.12
0.16
0.20
0 .24
0.28
0.32
0.36
7.28
4.01
2.92
2.38
2.05
I .84
1.68
1.56
1.47
6.01
3.45
2.59
2.16
1.91
1.74
1.61
1.52
1 .4?
13.09
6.55
4.37
3.28
2.63
2.19
1.88
I .65
1.47
20
M i
0.10
0.14
0.18
0.22
0.26
0.30
0*34
6.51
4.19
3.19 
2.64
2.29
2.05
1.87
1.73
5.46
3.63
2.85
2.41
2.13
1.94
1.80
1.69
11.64
6.99
4.99 
3.89 
3.19 
2.70 
2.34 
2.07
25
£.08
0.12
0.16
0.20
0.24
0.28
0.32
0.36
6.11
4.29
3.38
2.84
2.48
2.22
2.03
1.88
5.20
3.76
3.04
2.61
2.32
2.12
1.96
1.84
10.91
7.28
5.47
4.38
3.65
3.14
2.75
2.45
30
£ .io
0.14
0.18
0.22
0.26
0.30
5.85
4.35
3.52
3..00
2.63
2.37
5.06 
3.87 
3.20 
2.78 
2.49 
2.28
10.48
7.49
5.83
4.78
4.05
3.52
3 40
TABLE Z Z
REDUNDANT WORK BT ROLLING
INITIAL
THICKNESS
(INCHES)
ACTUAL
STRAIN
(2)
' EQUIVALENT 
STRAIN
(£©o)
& q /£
0 0
0,1257 0.186 0 . 21? 1.17
0*2545 0.048 0.071 1*48
0.4955 0.069 0,105 1.52
C Of? PAR I  SOB OF BEPUKDAKT »ORK IN DRAWING AND ROLLING
©4 m 1 * « * ( i - r ) / r SOURCE
o o 0 e 07 2.4 2 » 42 W
3°40 0.069 1,52 0.92 R
2°14 0,048 1.48 0.79 R
2° 0.07 1 .3 0,48 W
10° 0,1? 1 .5 0.94 W
2° 5? 0.186 1 .17 0.25 R
2° 0,16 1*1 0.20 W
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TABLE 24. REDUITDAIIT WORK PREDICTIOIf OF KOBBER AMD EICHIUGER
e... o/ d 0 \< oC i C/D
5°
0.04  
0.08 
0.12 
0.16 
0.20 
0 .24  
0 .28  
0# 32
4*36
2.18
1*46
I .09
0.88
0.73
0.63
0.55
2.09
1.55
1.36
1.27
Id 22 
1.18 
1*16 
1.14
0
20
0.06
0.10
0.14
0.18
0.22
0.26
O.3O
0.34
I I .64
6.99
4.99 
3^89 
3.19 
2.70 
2d 34 
2. 0?
3.91
2.75
2.25
1.97
1.79
1.67
1.58
1.51
oOH
0*08
0.12
0*16
0*20
0.24
0*28
0*32
8.73
4*37
2.91
2*19
1.75
1.46
1*25
Id 10
3*18 
2.09 
1.73 
1.55 
1.44 
I .36 
1.31 
Id 27
0
25
0 .0  8 
0.12 
0.16 
0.20 
0 .24  
0.28 
0.32 
0.36
10.91
7.28
5.47
4.38
3®65 
3d 14 
2*75 
2.45
3.73
2.82
2.36
2.09
1.91
1.78
1.68
■1.61
_  _o
15
$•$4
0*08
0.12
0.16
0*20
0.24
0.28
0.32
0.36
13.09
6.55
4.37
3.28
2.63
2.19
1.88
1*65
1.47
4.27
2.64 
2.09 
1*82
1.65  
1.95 
1.47 
1.41 
Id 36
O
' 30
0.10
0.14 
0.18 
0.22 
0.26 
0.30
10.48 
7.49 
5.83 
4 .7  8 
4.05 
3.52
3.62
2.87 
2.45 
2.19 
2.01
1.87
